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I. INTRODUCTION 
E 
i' 
The phenomenon of h igh  vo l t age  breakdown i n  a vacuum 
is  OF cons ide rab le  t echno log ica l  i n t e r e s t .  The performance 
of devices  such as x-ray tubes ,  p a r t i c l e  accelerators, 
k l y s t r o n s  , plasma a c c e l e r a t o r s ,  i o n  engines  is  u l t i m a t e l y  
l i m i t e d  by the  o n s e t  of high v o l t a g e  breakdown. The s tudy  
of vacuum breakdown should lead .to a b e t t e r  understanding 
of t h e  mechanism, t h e  cond i t ions  f o r  i n i t i a t i o n ,  t h e  
prevent ion  of undes i red  breakdowns and t h e  c o n t r o l  of 
d e s i r e d  breakdown even t s  . 
This  s tudy  i s  concerned only  wi th  a very  l i m i t e d  
sector of t h e  whole f i e l d  of vacuum breakdown r e s e a r c h ,  
namely e l e c t r o d e  e ros ion .  The s p e c i f i c  goa l  of t h i s  research 
w a s  t o  measure the  amount of m a t e r i a l  r e l e a s e d  dur ing  a 
breakdown and s tudy  t h e  f a t e  of this material dur ing  t h e  
discharge t i m e .  -- 
The understanding of t h e  e l e c t r o d e  e ros ion  i s  obviously 
c l o s e l y  t i e d  t o  t h e  understanding of the mechanism of t h e  
vacuum breakdown. Therefore  a s h o r t  review on t h e  d i f f e r e n t  
t h e o r i e s  of vacuum breakdown may be i n  order be fo re  d i s -  
cuss ing  t h e  mechanism of electrode e ros ion .  
Hawley, e t  al. (1) enumerates 378 papers  publ i shed  i n  
- I _  
t h e  p e r i o d  1 9 1 1  t o  1 9 6 3  and r e p o r t s  ( 2 )  t h a t  t h e  f i r s t  
d e s c r i p t i o n  of a vacuum arc was given as e a r l y  as 1897.  I t  
is s a f e  t o  say  t h a t  a t  t h e  p r e s e n t  t i m e  it is  n o t  agreed on 
a common exp lana t ion  for  t h e  mechanism i n i t i a t i n g  vacuum 
breakdown. 
1. 
i 
2. 
! 
2 
I n  c o n t r a s t  wi th  t h e  reports r e l a t e d  t o  t h e  i n i t i a t o r y  
mechanism i n  vacuum breakdown, electrode m a t e r i a l  release 
i n v e s t i g a t i o n s  are few i n  number, rather l i m i t e d  ir, scope,  
and l a r g e l y  q u a l i t a t i v e  r a t h e r  than  q u a n t i t a t i v e  . The 
mechanism or  mechanisms r e spons ib l e  f o r  t h e  release of 
electrode m a t e r i a l  are n o t  w e l l  known although there a r e  
s e v e r a l  hypotheses d e a l i n g  with t h e  phenomenon . 
A t  p r e s e n t ,  t h e  t enab le  hypotheses regard ing  the i n i -  
?. 
t i a t i n g  mechanism of vacuum breakdown a l l  i nc lude  r e l e a s e  
of e l e c t r o d e  material as an e s s e n t i a l  element as w e l l  as 
i 
. ' . A  
e l e c t r o d e  m a t e r i a l ,  e l e c t r o d e  conf igu ra t ion  anc? s u r f  ace 
cond i t ion  . 
A. Prebreakdown Events 
Before t h e  breakdown i s  i n i t i a t e d  some c u r r e n t  condtic- 
t i o n  a l r eady  t akes  p l a c e  and determines t o  seme e x t e n t  the 
c h a r a c t e r i s t i c s  of the vacuum breakdown. It is be l i eved  
t h a t  the s t eady  prebreakdown c u r r e n t s  observed - are produced 
by electric f i e l d  emission of e l e c t r o n s  e 
w a s  f irst  expla ined  i n  1 9 2 8  by Fowler and Nordheim. Dyke 
and T r o l a n  ( 3 )  have v e r i f i e d  t h e  Fowler-Nordheim theory  us ing  
a c l e a n ,  s i n g l e  c r y s t a l  tungs ten  p o i n t  i n  u l t r a -h igh  vacuum 
t o  f i e l d  s t r e n g t h s  of 1 0  V/cm. and c u r r e n t  d e n s i t i e s  of 
F i e l d .  emission 
8 
8 2 10 A/cm . The emission obeys the  fo l lowing  equat ion:  
where E = e lec t r ic  f i e l d  i n t e n s i t y  
4 = e l e c t r o n  work ' funct ion of the  m a t e r i a l  
A = a c o n s t a n t  
B = a c o n s t a n t  
3 .  
The Fowler-Nordheim r e l a t i o n ,  p r e d i c t s  appreciab ' le  c u r r e n t s  
only a t  f i e l d  s t r e n g t l s  of about  l o 7  V/cm.'  I n  t h e  case of 
p a r a l l e l  p l a t e  e l e c t r o d e s  i t  is  found t h a t  apprec i ab le  
prebreakdown c u r r e n t s  flow a t  f i e l d s  cj4 1G4 t o  l o 5  T7  v / L A ' ,  -- . 
based on E = V/d where V and d are gap v o l t a g e  and gap 
spac ing ,  r e s p e c t i v e l y .  This discrepancy i n  c u r r e n t  va lues  
was p o s t u l a t e d  t o  be caused by reg ions  of l o c a l  f i e l d .  
, 
7 
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enhancement due t o  micropro jec t ions  ("whiskers")  from the  
cathode s u r f  ace . Evidence f o r  such f i e l d  enhancing pro- ?. 
t r u s i o n s  e x i s t s ,  and i s  cons idered  t o  be the reason fo r  the  
observed prebreakdown c u r r e n t s  . 
Dyke, e t  a l .  ( 4 , 5 ) ,  Gor'kov ( 6 ) ,  A l p e r t  and L e e  ( 7 , 8 )  - -  
and o t h e r s  have done d e f i n i t i v e  work on t h e  f i e l d  emission 
phenomena. Hawley (1) and others have s ta ted  t h a t  t h e r e  i s  
good evidence tha t  electrical  breakdown occurs  a t  cathode 
f i e l d s  of 5 t o  8 x 1 0  V/cm., c o n s t a n t  wi th  gap spac ing  
over  t h e  range 1 x LOo4 t o  1 em. Davies and i3fondi (9 )  
7 
measured prebreakdown c u r r e n t s  i n  u l t r a -h igh  vacuum f o r  out-  
gassed p l a n e  copper electrocies wi th  gaps i n  t h e  range 0.3 t o  
2 mm. and found good agreement ' w i t h  the  Fowler-Nordheim equa- 
. t i o n .  They calculated t h a t  t h e  microscopic f i e l d  remains 
7 c o n s t a n t  and has  t h e  v a l u e  of 6 2 1 x 10 V/cm. 
L i t t l e  and Whitney ( 1 0 )  have used t r a n s p a r e n t  phosphor- 
coa ted  anodes t o  observe f l u o r e s c e n t  images caused by f i e l d  
emission c u r r e n t s .  They found t h a t  the emission was n o t  
temperature  dependent up t o  1000°K and t h a t  the  cathode 
when examined microscopica l ly  had 2-3 micron long  p ro t ru -  
s i o n s  on i t  capable  of f i e l d  enhancement f a c t o r  of 200. 
4. 
I 
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D e G e e t e r  (11) observed a prebreakdown t r a n s i t i o n  from 
i o n i z a t i o n  s p o t s  on t h e  anode t o  incandescent  p a r t i c l e s  
which were seen  t o  f l y  from t h e  anode. D e G e e t e r  concluded, 
among o t h e r  t h i n g s ,  t h a t  t h i s  demonstrated t h e  connection 
between e l e c t r o n  streams and breakdown and commented that  
use of molybdenum as anode m a t e r i a l  pe rmi t t ed  t h e  h igh  
c u r r e n t  necessary  t o  produce v i s u a l  anode spo t s .  
I t  should be po in ted  o u t  t h a t  Bennet te ,  - -  e t  a l .  (12 )  
have labeled DeGeeter's s p o t s  as be ing  caused by t r a n s i t i o n  
r a d i a t i o n  which occurs  when e l e c t r o n s  pas s  the boundary 
between two media of d i f f e r e n t  o p t i c a l  p r o p e r t i e s .  A l s o ,  
Cha t t e r ton  (13) has  po in ted  o u t  t h a t  this t r a n s i t i o n  r ad ia -  
t i o n ,  as w e l l  as long  wave-length Bremsstrahlung, i s  i n  t h e  
measuring waveband of o p t i c a l  pyrometers . Therefore  , the  
l a t t e r  technique f o r  m e  as u r i  ng preb re akdown e l e c t r o d e  
temperature  is i n a c c u r a t e .  H e  has  sugges ted  two a l t e r n a t i v e  
_- methods of temperature  measurement. 
C a l c u l a t i o n s  by Tomaschke and A l p e r t  (14) have shown 
t h a t  l i n e a r  F-N p l o t s  are t o  be expected from any m u l t i -  
p l i c i t y  of e m i t t i n g  p o i n t s . .  S inger  and D o o l i t t l e  (15) have 
s u b s t a n t i a t e d  t h e  assertation t h a t  many p o i n t s  e m i t t i n g  
e l e c t r o n s  s imultaneously s t i l l  g i v e  rise t o  l i n e a r  Fowler- 
Nordheim p l o t s .  They ob ta ined  x-ray p inho le  camera photo- 
graphs showing an anode be ing  bombarded by a t  l e a s t  3 0 0  
e l e c t r o n  streams. 
5. 
i 
Pivovar  and Gordienko (16)  conclude t h a t  f o r  s m a l l  
gap spac ings  t h e  s t eady  c u r r e n t s  a r e  almost e x c l u s i v e l y  
due t o  f i e l d  emission e l e c t r o n s ,  t h e  c u r r e n t  i n c r e a s i n g  
wi th  h ighe r  gap vo l t age .  
Watson, e t  a l .  (17 )  used 8-inch-diameter p l ane  elec- 
_ . -  
I 
t r o d e s  i n  vacua of t o  Torr  and confi-rmed t h a t  a 
t h r e s h o l d  v o l t a g e  e x i s t e d  f o r  t h e  microdischarges . 
B .  C h a r a c t e r i s t i c s  of Breakdown, 
As po in ted  o u t ,  t h e  prebreakdown even t s  have some 
e f f e c t  on t h e  i n i t i a t i o n  of t h e  breakdown, however t h e  
fo l lowing  i t e m s  have t o  be considered as the c o n t r o l l i n g  
parameters  f o r  the high  v o l t a g e  vacuum breakdown: e l e c t r o d e  
i 
s e p a r a t i o n ,  e l e c t r o d e  c o n f i g u r a t i o n ,  electrocle c o n d i t i a n i n g ,  
electrode m a t e r i a l ,  s u r f a c e  cond i t ion  and s u r f a c e  contami- 
n a t i o n  of t h e  e l e c t r o d e s  and f i n a l l y  the r e s i d u a l  gas  
p re s su re .  
The breakdown v o l t a g e  Vb can be t?rr i t ten as a func t ion  - _  
of t h e  e l e c t r o d e  gap spac ing  as fol lows:  
I t  has  been found t h a t  t he  exponent a ( d )  i s  a func t ion  of 
t h e  qap spac ing  and i s  r epor t ed  (1 ,2 ,18 )  t o  be approximately 
u n i t y  for  smal l  gaps (a < <  1 mm.) and decreases  t o  ahout  0.5 
f o r  l a r g e  gaps ( 2  > >  1 mm.).  
E l ec t rode  cond i t ion ing  provides  g r e a t  i n c r e a s e s  i n  t h e  
i 
breakdown v o l t a g e  a gap can s u s t a i n .  The o b j e c t  i s  t o  pre- 
pa re  t h e  e l e c t r o d e s  t o  the  p o i n t  t h a t  the breakdown v o l t a g e  
6. 
r 
:: i 
? 
1 
r e q u i r e d  f o r  spa rk ing  does n o t  change. This may be  accom- 
p l i s h e d  by one o r  a combination of t h e  fo l lowing  methods: 
1. Repeated a p p l i c a t i o n  of h igh  v o l t a g e  t o  cause 
breakdown 
2, Running a glow d i scha rge  i n  hydrogen p r i o r  t o  
f i n a l  evacuat ion  of  t h e  system 
3 .  Baking t h e  e l e c t r o d e s  a t  h igh  temperature  
4 P o l i s h i n g  e l e c t r o d e  sur'f aces.  
',Method 1 is  most widely used. A dramat ic  i n c r e a s e  i n  
breakdown v o l t a g e  i s  demonstrated by one r e s e a r c h e r  (19) 
who used a combination of methods 4 and 3 i n  t h a t  o r d e r  
t o  i n c r e a s e  Vb from 1 0  kv t o  60 kv. Although cond i t ion ing  
w a s  mentioned as e a r l y  as 1918 by Mi l l ikan  and Sawyer, few 
papers have been s p e c i f i c a l l y  devoted t o  i t s  s tudy.  
Maitland ( 2 0 )  has  a t h e o r e t i c a l  s tudy  of cond i t ion ing  
based on t h e  m u l t i p l e  e l e c t r o n  beam hypothes is .  Recent 
p u b l i c a t i o n s  (21,221 r e p o r t  that  e l e c t r o d e  cond i t ion ing  is  
a f f e c t e d  by p o l a r i t y .  
Other  r e s e a r c h e r s  r e p o r t  t h a t  e l e c t r o d e  m t e r i a l ,  sur -  
f a c e  f i n i s h  and s u r f a c e  contamination may a f f e c t  condi t ion ing .  
Other  in format ion  on e l e c t r o d e  cond i t ion ing  and i t s  e f f e c t s  
may be found i n  References I, 2 ,  and 17. 
I t  has  been r e p o r t e d  t h a t  breakdown s t r e n g t h  v a r i e s  
g r e a t l y  f o r  d i f f e r e n t  e l e c t r o d e  m a t e r i a l s  . However , t o  d a t e  
t h e r e  i s  no concensus of opin ion  r ega rd ing  t h e  b e s t  m a t e r i a l .  
The p r a c t i c a l  a p p l i c a t i o n  of a p a r t i c u l a r  vacuum device  may 
7. 
? 
. .," 
\ 
i n f l u e n c e  the  choice of material. Improvement i n  breakdown 
v o l t a g e  ob ta ined  by c a r e f u l  choice  of e l e c t r o d e  material i s  
t y p i c a l l y  a f a c t o r  of 2 o r  3 .  N o t e  t h a t  t h i s  may be less 
than  t h e  improvement which may be ob ta ined  by c a r e f u l  condi- 
t i o n i n g  of e l e c t r o d e s .  
- 
A l i s t  of  materials i n  o r d e r  of de- 
c r e a s i n g  v o l t a g e  c a p a b i l i t i e s  h a s  been prepared  by Hawley 
(2 )  b u t  must be regarded a s  t e n t a t i v e .  The r e s u l t s  of 
DeGeeter (11) imply t h a t  perhaps'  t h e  l i s t  should be headed 
by molybdenum, fol lowed by 
. 9. 
s t a i n l e s s  s tee l  
case hardened s teel  
n i c k e l  
cupal  loy 
tantalum 
aluminum 
l e a d  
copper 
carbon 
s i l v e r .  
Some r e s e a r c h e r s  have used pulsed  h igh  vo l t ages  t o  
determine t h e  re la t ive electrical  s t r e n g t h s  of d i f f e r e n t  
m a t e r i a l s .  T h e i r  conclus ion  h a s  been t h a t  the mechanical 
.- 
s t r e n g t h  of the anode a s  given by Young's Modulus determines 
t h e  breakdown vo l t age .  K a l y a t s k i i  and Kassirov ( 2 3 ,  2 4 )  
ob ta ined  the p u l s e  breakdown v o l t a g e  f o r  p u l s e  widths i n  .the 
range 0 . 1  t o  3 . 0  microseconds. 
The s u b j e c t  of e l e c t r o d e  s u r f  ace cond i t ion  'has a l r eady  
been mentioned i n  connect ion w i t h  e l e c t f o d e  condi t ion ing .  
It  seems reasonable  that any process  which improves smooth- 
ne5s and uni formi ty  of t h e  e l e c t r o d e  s u r f a c e s  can i n c r e a s e  
8 .  
br~akdown v o l t a g e  by reducing t h e  p o s s i b i l i t y  of f i e l d  
emission f r o m  s u r f a c e  i r r e g u l a r i t i e s  and/or release o€ 
s u r f a c e  p a r t i c l e s .  However, t h e r e  i s  n o t  y e t  a u n i v e r s a l l y  
accepted b e s t  t echnique  €or s u r f  ace po l i sh ing .  S t u d i e s  of 
c l e a n  m e t a l l i c  e l e c t r o d e  s u r f a c e s  are complicated by t h e  
problem of o x i d a t i o n  which t akes  p l a c e  qu ick ly  (60 nsec.)  
even a t  loo5  Torr of oxygen. I f  o r g a n i c  vapors  are p r e s e n t  
(e.g. d i f f u s i o n  pump o i l )  , these.  may d e p o s i t  on e l e c t r o d e s .  
.Other  r e s e a r c h e r s  (25 )  have shown t h a t  glass, 
decomposes and releases water vapor and g l a s s  
when hea ted ,  
c o n s t i t u e n t s  
on c l ean  s u r f a c e s  w i t h i n  t h e  vacuum chamber. 
cles may reduce t h e  breakdown v o l t a g e .  
These p a r t i -  
s t r e n g t h  of S l ivkov ( 2 6 )  has found t h a t  t h e  e lectr ic  
v a r i o u s  e l e c t r o d e s  i n  smal l  gaps was n o t  changed f o r  
temperature  i n c r e a s e s  up t o  5OO0C, l ead ing  him t o  t h e  con- 
c l u s i o n s  t h a t  breakdown was n o t  i n f luenced  by o r g a n i c  
compound gases  and vapors  absorbed on t h e  e l e c t r o d e  sur -  
f a c e s  . Maitland has  t h e o r e t i c a l l y  p r e d i c t e d  and experiment- 
-- 
a l l y  v e r i f i e d  t h a t  i n c r e a s e s  i n  breakdown v o l t a g e  can be 
ob ta ined  by coo l ing  t h e  anode t o  l i q u i d  n i t r o g e n  tempera- 
t u r e s  (27) .  
The e f f e c t  of e l e c t r o d e  temperature  on t h e  microdis- 
, charge has  also been r e c e n t l y  i n v e s t i g a t e d  by Gordienko 
and Pivovar  ( 2 8 ) .  
temperature  i n c r e a s e d  t h e  microdischarge th re sho ld  v o l t a g e  . 
They found t h a t  r a i s i n g  t h e  e l e c t r o d e  
Murray has  used p a r t i a l l y  conducting g l a s s  e l e c t r o d e s  
t o  o b t a i n  h i g h e r  va lues  of breakdown s t r e n g t h  than  have been 
p rev ious ly  r e p o r t e d  (1). The c r e a t i o n  of a r e s i s t ' i ve  
i 
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cathode apparent ly  . reduces  e.mission c u r r e n t s  and t h u s  raises 
t h e  breakdown s t r e n g t h .  Jedynak (29 )  has  done a compre- 
hens ive  s tudy  of d i e l e c t r i c  coated e l e c t r o d e s .  X i t h i n  t h e  
range of h i s  experiments ,  he found t h a t  breakdown v o l t a g e  
could be r a i s e d  as much as 70% and prebreakdown c u r r e n t s  
reduced two t o  f o u r  o r d e r s  of magnitude by coa t ing  t h e  
cathode wi th  a t h i n  i n s u l a t i n g  f i lm.  I t  was also shown 
t h a t  an i n s u l a t i n g  f i l m  on t h e  anode can be  seve re ly  d e t r i -  
mental t o  gap performance. 
' 6 
The i n f l u e n c e  of r e s i d u a l  gas  p r e s s u r e  on t h e  break- 
down s t r e n g t h  depends upon t h e  i n t e r e l e c t r o d e  spac ing  d. 
For  small vacuum gaps (d c <  1 mm.) p r e s s u r e  v a r i a t i o n s  up 
t o  about  T o r r  do n o t  affect  t h e  breakdown vo l t age .  
For l a r g e  gaps much b e t t e r  vacua are requ i r ed  f o r  t h e  
breakdown vo l t age  t o  be independent of p re s su re .  
The r e s u l t s  of &la i t land  (30) i n d i c a t e  t h a t  t h e  e f f e c t s  
of p r e s s u r e  change are more no t i ceab ly  r e f l e c t e d  i n  t h e  
t i m e  i n t e r v a l  r equ i r ed  from a p p l i c a t i o n  of a high v o l t a g e  
p u l s e  t o  t h e  breakdown of t h e  gap ( s t a t i s t i ca l  time-lag-to- 
breakdown) . I n  t h e  range lom6 t o  Tor r ,  increased  
p r e s s u r e  reduces t h e  breakdown p r o b a b i l i t y  , i .e. I i n c r e a s e s  
t h e  s t a t i s t i c a l  time-lag-to-breakdown. 
A l p e r t ,  e t  a l .  (31) have proposed an  exp lana t ion  f o r  
I _ -  
t h e  well-known peak i n  breakdown v o l t a g e  which occurs  
around T o r r .  I t  is  suggested t h a t  some'gas p a r t i c l e s  
are i o n i z e d  i n  t h e  prebreakdown phase by e l e c t r o n  he-ams 
from cathode whiskers .  
10 . 
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For p l ane  e l e c t r o d e s  of equa l  a r e a ,  i n c r e a s i n g  t h e  
area. of bo th  reduces t h e  breakdown v o l t a g e .  I t  has  been 
I 
r e p o r t e d  t h a t  t h e  
e f f e c t  on Vb t han  
sphere  oppos i t e  a 
breakdown v o l t a g e  
area of t h e  anode has  a more marked 
t h e  cathode. For the case of a hemi- 
p l ane ,  Pivovar  (1) has  s a i d  t h a t  t h e  
i s  h i g h e r  f o r  s m a l l e r  hemisphere d ia -  
meters wi th  a p o i n t  g i v i n g  t h e  h i g h e s t  va lue .  The h ighe r  
va lues  occurred  when t h e  hemisph'ere w a s  t h e  anode. 
' 6 
The summary given by M i l l e r  (32)  i n d i c a t e s  t h a t  t h e  
e f f e c t  of changing t h e  e l e c t r o d e  r a d i u s  depends on t h e  
gap l eng th  (demonstrat ing aga in  t h e  interdependence of 
breakdown parameters )  and seems t o  i n d i c a t e  a t r a n s i t i o n  
i n  t h e  dominant breakdown mechanism. Rabinowitz and 
Donaldson ( 3 3 )  have i n v e s t i g a t e d  e l e c t r o d e  geometry and 
o t h e r  e f f e c t s  f o r  a range of gaps 0.025 t o  1 mm. f o r  A l ,  
Cu and s t a i n l e s s  steel. P e r t a i n i n g  t o  geometry they 
r e p o r t e d  t h a t  i n  t h e  range of r a d i i  from about  6 t o  100  mm, 
more convex e l e c t r o d e s  have up t o  t w i c e  a s  high breakdown 
vo l t ages .  E lec t rodes  of s m a l l e r  c ros s - sec t ion  have h i g h e r  
breakdown vo l t age  and t h e  breakdown v o l t a g e  i s  s i g n i f i c a n t l y  
h i g h e r  when t h e  e l e c t r o d e  of smaller area i s  t h e  anode. I n  
a r e c e n t  paper ,  M i l l e r  ( 3 4 )  p r e s e n t s  a t h e o r e t i c a l  t r ea tmen t  
of t h e  e f f e c t  of e l e c t r o d e  r a d i u s  and gap spac ing  on elec- 
t r i c a l  breakdown. 
The e f f e c t  of t h e  rate of rise of t h e  vo l t age  ac ross  
a s m a l l  vacuum gap has  been found by Wijker (35) t o ' a f f e c t  
. .  
i 
i 
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t h e  breakdown v o l t a g e  s t r a n g e l y .  Far ra l l ' s  t h e o r e t i c a l  
a n a l y s i s  based on t h e  clump mechanism ( 3 6 )  was n o t  a h l e  t o  
e x p l a i n  t h e  effect ,  
For  lon9  gaps,  i n c r e a s i n g  t h e  frequency of t h e  a p p l i e d  
o s c i l l a t i n g  v o l t a g e  inc reased  t h e  breakdown s t r e n g t h .  
Halpern ( 3 7 )  r e p o r t s  2 x l o 6  v o l t s  a t  2.8 Gigahertz ac ross  
a 50 mm. gap, a f a c t o r  of f o u r  h i g h e r  t han  a t  s t eady  volt-  
age. L i t t l e  ( 3 8 )  r e p o r t s  no frequency dependence i n  t h e  
range 60  H e r t z  t o  6 Megahertz for  &mall gaps. 
Kassirov,  Koval' chuk and Mesyats ( 3 3  , 40)  have i n v e s t i -  
ga t ed  the e f f e c t  of t h e  degree of overvol tage  B on t h e  
breakdown de lay  t i m e  td and t h e  gap v o l t a g e  f a l l  t i m e  tf, 
f o r  v a r i o u s  gap spac ings  up t o  one nil l imeter.  The delay 
t i m e  decreased  l i n e a r l y  wi th  6 and i n c r e a s e d  non- l inea r ly  wi th  
the gap spac ing  d. The f a l l  t i r e  i n c r e a s e d  s l i g h t l y  wi th  8 
b u t  g r e a t l y  wi th  d. (The autl lors have a modified beam theory 
t o  expla in  t h e i r  r e s u l t s . )  -- 
Maitland (41) has  found t h a t  a f t e r  breakdown t h e  vacuum 
gap under i n s p e c t i o n  recovered i n i t i a l l y  a t  a r ap id  rate 
(10 kv/psec. a f t e r  1 0 0  p s e c . ) .  H e  p o s t u l a t e d  t h a t  some of 
t h e  charged p a r t i c l e s  which migra te  t o  t h e  e l e c t r o d e  s u r f a c e  
r e s i d e  on low conduc t iv i ty  s u r f a c e  f i lm .  These p a r t i c l e s  
then create h igh  f i e l d s  and a f f e c t  the performance of t h e  
vacuum gap. 
i A t h e o r e t i c a l  s tudy  has  been done r e c e n t l y  by Rich and 
F a r r a l l  ( 4 2 )  f o r  a s i m p l i f i e d  experiment i n  which only t h e  
I L 
d 
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e l e c t r o d e  a r e a  and gap l eng th  w e r e  v a r i e d .  I t  was found 
t h a t  an a n a l y s i s  cons ider ing  m e t a l  vapor condensing on 
i 
1 
i 
i 
t h e  e l e c t r o d e s  gave r e s u l t s  agree ing  b e s t  wi th  exper imenta l  
da t a .  
C. Vacuum Breakdown Hypotheses 
Vacuum breakdown hypotheses may be p u t  i n t o  a t  l e a s t  
s i x  d i f f e r e n t  c a t e g o r i e s :  
1. Elec t ron  beam hypotheses 
2 . Regenerat ive cha in  hypotheses 
3 .  Cathodic  hypotheses 
4.  Clump hypotheses 
5. A mechanism t r a n s i t i - o n  hypotheses 
6. Ionov’s thermionic  emission hypothes is .  
The e l e c t r o n  beam mechanism w a s  proposed by Semenov ( 4 3 )  
i n  1929.  S ince  then it has  ga the red  a g r e a t  number of suppor- 
ters . Elec t rons  are emi t t ed  from cathode micropro jec t ions  
and- form a d i v e r g i n g  beaiil iriipfnging on tile anode. Local 
h e a t i n g  causes  reiease of absorbed gases  and vapors and/or 
l o c a l  mel t ing  of anode material. Ions  from t h e  r e l e a s e d  
material a r e  a c c e l e r a t e d  t o  t h e  cathode where they enhance 
e l e c t r o n  emission by n e u t r a l i z a t i o n  of t h e  space charge 
and produce secondary e l e c t r o n s .  The e l e c t r o d e  vapor  i n  the 
i n t e r e l e c t r o d e  space i s  i o n i z e d  by t h e  e l e c t r o n  beam and 
becomes t h e  rrediurn f o r  t h e  ensuing vapor arc. 
A modif ica t ion  of t h e  theory was given by Maitland who, 
upon examining anodes from breakdown experiments ,  expla ined  
\ 
, 
i 
t h e  vacuum arc mechanism as i n i t i a t e d  by a l a r g e  number of 
e l e c t r o n  beams (about  1 0  ) which bombard the anode ( 4 4 , 4 5 ) .  5 
Goldman and Goldrnan ( 4 6 )  have made t h e o r e t i c a l  and 
experimental  s t u d i e s  of t h e  prebreakdown-current-to-arc 
t r a n s i t i o n  and p o s t u l a t e d  t h a t  t h e  t r a n s i t i o n  occurs  when 
ion ized  metall ic anode vapor reaches t h e  cathode. 
The f i r s t  of L\e r e g e n e r a t i v e  chain hypotheses ,  t h e  
p o s i t i v e  ion  hypo thes i s ,  was proposed i n  1933 ( 4 7 ) .  An 
e l e c t r o n  s t a r t i n g  from t h e  cathode o r  i n  t h e  i n t e r e l e c t r o d e  
gap i s  a c c e l e r a t e d  t o  t h e  anode where i t  produces A pos i -  
t i v e  i o n s  and C photons. Some of t h e  photons then  s t r i k e  
t h e  cathode caus ing  photoeniss ion  of e l e c t r o n s .  The posi-  
t i v e  i o n s  are a c c e l e r a t e d  by t h e  f i e l d  t o  the cathode 
where they produce secondary e l e c t r o n s .  The breakdown 
c r i t e r i o n  is then formulated as 
AB + CD > 1 ( 3 )  
where A is  t h e  average number of p o s i t i v e  ions  produced 
a t  t h e  anode by an impinging e l e c t r o n  
B i s  t h e  average number of secondary e l e c t r o n s  pro- 
duced a t  t h e  cathode by one impinging p o s i t i v e  ion  
C i s  t h e  average number of e l e c t r o n s  produced a t  t h e  
cathode by one impinging photon. 
These c o e f f i c i e n t s  are f u n c t i o n s  of t h e  e l e c t r o d e  m a t e r i a l ,  
s u r f a c e  cond i t ions ,  s u r f a c e  f i e l d  g r a d i e n t  and a c c e l e r a t i n g  
vol tage .  
\ 
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A r e v i s e d  v e r s i o n  of th,e preceding  hypothes is  i s  found 
i n  the p o s i t i v e  ion-negat ive i o n  hypothes is  (48). The modi- 
f i c a t i o n  assumes t h a t  no photons a r e  produced a r ~ d  t h a t  posi-  
t i v e  i o n s  produce nega t ive  i o n s  as weii as eiectrons upon 
s t r i k i n g  . t he  cathode. T h i s  l e a d s  t o  t h e  breakdown c r i t e r i o n  
where G i s  t h e  average number of nega t ive  i o n s  produced by 
one p o s i t i v e  i o n ,  and 
. 9. 
H i s  t h e  average number of p o s i t i v e  i o n s  produced by 
one nega t ive  ion .  
A c a t h o d i c  vacuum breakdown hypothes is  was suggested 
by A. J. Ahearn i n  1936 ( 4 9 )  and has rece ived  much a t t e n -  
t i o n .  Prebreakdown f i e l d - e m i t t e d  c u r r e n t s  from micropro- 
j e c t i o n s  on the cathode are assumed t o  cause l o c a l  h e a t i n g  
a t  the t i p  of t h e  whiskers .  When t h e  t i p  becomes h o t  enough 
it m e l t s  o r  explodes,  i n i t i a t i n g  t h e  vacuum a rc .  Rupture i s  
most l i k e l y  t o  occur  where cond i t ions  of mechanicai force, 
r e s i s t i v e  h e a t i n g  and t e n s i l e  s t r e n g t h  are most favorable .  
Ahearn also sugges ted  t h a t  t h e  f i e l d - e m i t t e d  e l e c t r o n s  could 
cause secondary emission of p o s i t i v e  i o n s  a t  t h e  anode and 
t h e s e  would be accelerated t o  t h e  cathode,  caus ing  l o c a l i z e d  
h e a t i n g ,  Breakdown would occur  when t h e  v o l t a g e  and number 
of  p o s i t i v e  i o n s  s t r i k i n g  the  cathode a r e  high enough. This 
hypothes is  had been firoposed e a r l i e r  i n  1 9 3 4  by C.C. Chambers 
(50)  who f e l t  t h a t  i o n  bombardment of t h e  cathode was t h e  
sole mechanism re spons ib l e  for  breakdown. 
15 . 
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The clump hypothes is  w a s  proposed by Cranberg (51) i n  
1952.  The hypo thes i s  is  t h a t  t h e  i n i t i a t i o n  of breakdown 
i s  involved  wi th  detachmeat by e l e c t r o s t a t i c  r e p u l s i o n  of 
a clump of material .  l o o s e l y  ad'nering t o  one e l e c t r o d e ,  b u t  
i n  electrical  c o n t a c t  w i th  it. The clump t r a v e r s e s  the 
gap and s t r i k e s  t h e  o t h e r  e l e c t r o d e ,  praducing tempera tures  
h i g h e r  t han  the b o i l i n g  p o i n t  of t h e  e l e c t r o d e  material 
and i n i t i a t i n g  t h e  vacuum arc. .A  simple q u a n t i t a t i v e  
*. a n a l y s i s  assuming p a r a l l e l  p l a t e  geometry r e s u l t s  i n  t h e  
breakdown vo l t age  which i n c r e a s e s  l i n e a r l y  wi th  t h e  elec- 
t r o d e  gap, t h a t  is  
V = d  
Cranberg used t h e  exper imenta l  d a t a  a v a i l a b l e  a t  t h a t  t i m e  
t o  show t h a t  most of it f i t  the above r e l a t i o n s h i p .  EIe 
expla ined  e l e c t r o d e  cond i t ion ing  as t h e  process  of de taching  
t h e  m o s t  loosely adher ing  s u r f a c e  m a t e r i a l  and embedding i t  
i n  t h e  oppos i t e  e lectrocie  a f t e r  a c c e l e r a t i o n  ac ross  t h e  gap. 
The Sl ivkov hypo thes i s  (52 )  p r e s e n t s  a s l i g h t l y  d i f -  
f e r e n t  mechanism. I t  assumes t h a t ,  even a t  low v o l t a g e s ,  
p a r t i c l e s  may be  detached from t h e  e l e c t r o d e s  and a c c e l e r a t e d  
ac ross  t h e  gap where they  adhere t o  t h e  e l e c t r o d e .  Upon 
a p p l i c a t i o n  of h i g h e r  v o l t a g e s  they  m a y  aga in  become detached 
and r e p e a t  t h e  process .  When t h e  k i n e t i c  energy of t h e  clump 
becomes high enough ,' col l i s ion  wi th  an e l e c t r o d e  causes  t h e  
clump t o  vapor ize  and t h e  d i scha rge  commences i n  t h e  vapor 
cloud. 
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Olendzkaya (53) has  t h e  fo l lowing  exp lana t ion  of t h e  
clump mechanism: A s  a d is lodged  clump approaches t h e  tar- 
g e t  e l e c t r o d e  an i n t e n s e  e lectr ic  f i e l d  between t a r g e t  and 
clump i s  se t  up. Breakdown t a k e s  p l a c e  betweerr t h e  clump 
and t h e  t a r g e t  e l e c t r o d e .  An arc is  more l i k e l y  t o  occur  
i f  t h e  i n i t i a l  breakdown i s  between clump and cathode. 
Another i n t e r e s t i n g  v a r i a t i o n  mentioned by Brodie (54) 
is t h a t  a hea ted  ca thod ic  whisker could break off  and be- 
come a clump. I t  could then  be a c c e l e r a t e d  ac ross  t h e  gap 
1 
and i n i t i a t e  breakdown. 
Many r e s e a r c h e r s  have expressed  t h e  opinion t h a t  
vacuum breakdown might be due t o  more than one mechanism 
or s e v e r a l  mechanisms o p e r a t i n g  t o g e t h e r  (mechanism t r a n s i -  
t i o n  hypotheses)  . However, t h e  sugges t ion  t h a t  one mechanism 
w a s  r e spons ib l e  f o r  breakdown a t  s m a l l  gap spacings and a 
second mechanism f o r  l a r g e  gap spac ings  was n o t  made u n t i l  
about 1962 ( 3 2 ) .  There are s e v e r a l  c a t e g o r i e s  of exper i -  
mental  evidence f o r  such a t r a n s i t i o n :  a change i n  anode 
markings produced by breakdown (44), change i n  t h e  s lope of 
the V = Cx= curve (44) I change i n  t h e  appearance of t h e  gap 
dur ing  breakdown, change from continuous prebreakdown 
c u r r e n t  t o  microdischarges ( 1 6 ) ,  change i n  t h e  e f f e c t  of 
a l t e r i n g  the  e l e c t r o d e  cu rva tu re  (32 )  , and f i n a l l y  t h e  
e f f e c t  of magnetic f i e l d  i s o l a t i o n  of e l e c t r o n  c u r r e n t s  ( 1 6 ) .  
A l l  of t h e  changes above are though t to  be brought  about  
by, o r  depend upon, t h e  i n t e r e l e c t r o d e  gap spacing.  P o s t u l a t i n g  
17 . 
that  e l e c t r o n  beam anode h e a t i n g  i s  re spons ib l e  f o r  hreak- 
down i n i t i a t i o n  a t  sma l l  gaps,  one can reason t h a t  as t h e  
gap i n c r e a s e s  t h e  beam can no longe r  vapor ize  anode s u r f a c e  
m a t e r i a l .  A l s o ,  it i s  p o s s i b l e  t h a t  a t  s m a l l  gaps and low 
breakgown v o l t a g e s  , clumps cannot  a c q u i r e  enough energy t o  
vapor i ze  e l e c t r o d e  material o r  become vaporized.  S ince  
h igh  v o l t a g e s  are r e q u i r e d  t o  break down l a r g e  gaps,  cluinps 
can a c q u i r e  t h e  necessary  energy. For i n c r e a s i n g  gap 
' . spacings i t  seems reasona5le  t h a t  t h e  determining mechanism 
may go from e l e c t r o n  beam i n i t i a t i o n  t o  clump i n i t i a t i o n .  
The thermionic  emissi-on hypothes is  of Ionov (55) w i l l  
n o t  be e l a b o r a t e d  upon i n  t h i s  t e x t  a s  it has n o t  rece ived  
d i r e c t  s tudy.  The work of P ivovar  and Gordienko (16)  has  
b e a r i n g  upon t h e  hypo thes i s  i n  t h a t  they f e l t  t h a t  thermionic  
i o n  emission from t h e  anode w a s  occur r ing .  But i.t was n o t  
d i sce rned  whether such e n i s s i o n  v7as accompanied by secondary 
emission capable  of i ead ing  t o  'ureakliown . 
Mait land ' s  e x t e n s i v e  t h e o r e t i c a l  and experimental  s tudy  
of t h e  vacuum breakdown mechanism provides  a hulk of m a t e r i a l  
which may be used. as a f o c a l  p o i n t  f o r  d i s c u s s i n g  e l e c t r o n  
beam hypotheses.  His hypothes is  i s  p r e s e n t l y  a v i a b l e  one 
and i s  r e c e i v i n g  much a t t e n t i o n  i n  cornhination wi th  o t h e r  
hypotheses . H e  has  de r ived  equa t ions  f o r  t h e  i n c r e a s i n g  
r a d i u s  of t h e  d ive rg fng  beam, .a breakdown equat ion  and a 
g e n e r a l  expres s ion  f o r  a i n  t h e  breakdown vo l t age  formula 
V = C xao The f a c t o r  C i s  shown t o  be r e l a t e d  t o  t h e  so- 
1%. 
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c a l l e d  c r i t i c a l  (anode) power f l u x  and both  C and CY a r e  
r e l a t e d  t o  t h e  f i e l d  and e l e c t r o d e  gap. Various experiments 
performed y i e l d e d  d a t a  agree ing  f a i r l y  w e l l  wi th  t h e  equa- 
t i o n  w i t h i n  t h e  experimental  cond i t ions  . Furthermore, 
c a r e f u l  microscopic  examination of t h e  anode showed t h a t  
t h e r e  were reg ions  c a l l e d  "gross  s p o t s "  i n  which many (lo4 - 
10 ) shal low c r a t e r s  could be seen.  He concludes t h a t  each 
crater i s  formed by a d i f f e r e n t ' b e a m  and t h a t  once vapor  
clouds are produced a t  t h e  anode, e l e c t r o n s  lose energy by 
c o l l i d i n g  wi th  t h e  vapor .  F u r t h e r  i o n i z a t i o n  i s  followed 
by breakdown. Other equat ions  have been developed by 
Maitland showing t h a t  t h e  e l e c t r o d e  thermal  conduc t iv i ty  and 
b o i l i n g  temperature  p lay  a dominant r o l e  i n  determining 
breakdown v o l t a g e  and cond i t ion ing  by r e p e t i t i v e  spark ing .  
H e  has  de r ived  equa t ions  f o r  the e l e c t r o n  c u r r e n t ,  t h e  t e m -  
p e r a t u r e  i n f l u e n c e  on t h e  number of spa rks  t o  cond i t ion  
e l e c t r o d e s ,  and t h e  change i n  breakdown v o l t a g e  wi th  t e m -  
p e r a t u r e .  By us ing  t h e  breakdown equa t ion  and making sone 
assumptions,  a spark  cond i t ion ing  equat ion  w a s  de r ived ,  i . e . , 
an equa t ion  s p e c i f y i n g  t h e  number of spa rks  t o  reach t h e  
condi t ioned  s t a t e  ( 2 0 ) .  
5 
The r e g e n e r a t i v e  chain hypotheses a r e  n o t  considered 
t o  be a cause of vacuum breakdown, a t  p re sen t .  The c o e f f i -  
c i e n t s  A and B have been measured f o r  d i f f e r e n t  i o n s  a s  
f u n c t i o n s  of p a r t i c l e  energy, e lectr ic  f i e l d ,  angle  of i on  
inc idence ,  and t a r g e t  m a t e r i a l s  (56,57,58). The f a c t o r  
A ranged from 2 t o  2-0 lom4 and t h e  f a c t o r  B from 2 t o  
20 so  t h e  maximum of t h e  product  is  s t i l l  less than un i ty .  
19. . 
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Measurements of t h e  c o e f f i c i e n t s  f o r  t h e  p h o t o e l e c t r i c  
e f f e c t  have n o t  appa ren t ly  been done. A t  h igh  f i e l d s ,  
forward s c a t t e r i n g  predominates ar,d backward s c a t t e r i n g  
i s  obviousiy necessary If the  photoils are t o  r e l e a s e  more 
e l e c t r o n s  a t  t h e  cathode. 
Coefficie,its G and H f o r  the p o s i t i v e  ion-negat ive 
i o n  cha in  mechanism were measured by Mansfield ( 5 9 )  a t  
250 kv and t h e i r  p roduct  was found t o  be 0.51, 0 .25,  and 
'*0.24 f o r  copper,  aluminum and s teel ,  r e s p e c t i v e l y ,  Other 
measurements done w i t h  c a r e f u l l y  c leaned  s u r f a c e s  produced 
smaller va lues  f o r  t h e  product  GH, l e a d i n g  t o  skep t i c i sm 
t h a t  such a mechanism can be r e spons ib l e .  
The clump mechanism has  rece ived  t h e o r e t i c a l  s tudy  
by several r e s e a r c h e r s ,  U n t i l  a few y e a r s  ago t h e r e  was 
no evidence t h a t  clumps a c t u a l l y  e x i s t e d  although many 
r e s e a r c h e r s  had r e p o r t e d  evidence f o r  prebreakdown i n t e r -  
e l e c t r o d e  m a t e r i a l  t r a n s f e r .  I n  1960, Razfn, e t  ax. ( 6 0 )  
r epor t ed  t h a t  they  had a c t u a l l y  observed clumps. 
- -  
Since  
then  o t h e r s  have r e p o r t e d  on clump t r a n s f e r  ( 6 1 , 6 2 )  b u t  such 
t r a n s f e r  d i d  n o t  always l e a d  t o  gap brea1:down. Other inves- 
t i g a t o r s  (53) have a r t i  f i c i a l  ly i n t roduced  clumps 
vacuum gap and breakdown has g e n e r a l l y  r e s u l t e d .  
i n t o  t h e  
Hawley (63) had found t h e  evidence wi th  copper elec- 
t r o d e s ,  which adds suppor t  t o  t h e  hypo thes i s  t h a t  a t r a n s i -  
t i o n  i n  mechanism wi th  e l e c t r o d e  gap occkrs .  H e  found t h a t  
f o r  gaps up t o  1 mm. t h e r e  were g ross  markings on t h e  anode 
5 c o n s i s t i n g  of a l a r g e  number (about  1 0  ) of t i n y  c r a t e r s .  
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For 2 mm. gaps t h e  number of c r a t e r s  i n  each gross  marking 
had decreased  and f o r  3 mm. gaps t h e r e  were no c r a t e r s  nor  
any g ross  markings. Changes i n  t h e  s l o p e  of t h e  V = C xa 
\~;'2re obtairted a t  gaps of 7 mm. and 1 7  mm+ 
Cathodic p rocesses  have been s t u d i e d  by I3rodie (54) 
_ _  
who has  i n v e s t i g a t e d  f i e l d  emission wi th  n i c k e l  e l e c t r o d e s  
i n  p l a n a r  geometry and i n  a c y l i n d r i c a l  p r o j e c t i o n  tube .  
H e  concluded t h a t  it i s  t h e  d i sxup t ion  o r  explos ion  of 
e m i t t i n g  whiskers a t  c r i t i ca l  e lectr ic  f i e l d s  which l eads  
t o  breakdown. The whisker  may simply vapor i ze ,  o r  it may 
become a clump, o r  it may explode analogously t o  an ex- 
p loding  w i r e .  The very r a p i d  formation of plasma may 
account  f o r  t h e  r a p i d  rise t i m e s  (1-10 nanoseconds) r epor t ed  
i n  vacuum breakdowns. Brodie p o i n t s  o u t  t h a t  whisher ex- 
p l o s i o n  i s  a necessary ,  b u t  n o t  s u f f i c i e n t ,  cond i t ion  f o r  
breakdown as geometr ica l  f a c t o r s  p a r t i a l l y  determine 
whether a p a r t i c u l a r  explos ion  w i l l  cause breakd10:~7n. 
Vibrans '  ( 6 4 )  a n a l y s i s  of breakdown t a k e s  i n t o  account 
I 
r 
t h e  temperature  dependence of r e s i s t i v i t y  and f i e l d  e m i s s i o n  
and shows t h a t  t h e  thermal  s t a b i l i t y  of an e m i t t i n g  p ro t ru -  
s i o n  depends upon the fol lowing:  (1) r e s i s t a n c e  i n  series 
wi th  t h e  gap, ( 2 )  p a r a l l e l  capac i ty ,  and ( 3 )  s t a b i l i t y  of 
o t h e r  emitters on t h e  s u r f a c e .  He p o i n t s  o u t  t h a t  t h e  
e m i t t i n g  p r o t r u s i o n  w i l l  n o t  become h o t  enough t o  be v i s i b l e  
be fo re  t h e  i n s t a b i l i t y  occurs .  
Recent i n v e s t i g a t i o n s  have centered  around c a r e f u l  
.__.- 
i n s p e c t i o n  of t h e  growth bf ca thodic  whiskers ,  Doubt had 
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been expressed  that  f i e l d  enhancing micropro jec t ions  could 
i 
be  found on smoothly po l i shed  s u r f a c e s  ( 6 5 ' ) .  I n  1 9 6 4  
L i t t l e  and Smi th  (66 )  , us ing  e l e c t r o n  shadow microscopy, 
showed t h a t  s u r f a c e s  po l i shed  wi th  0.5 micron ciianond abra- 
s i v e  and then u l t r a s o n i c a l l y  c leaned gave rise t o  micropro- 
j e c t i o n s  upon t h e  a p p l i c a t i o n  of g ross  f i e l d s  of lo5 V/cm. 
By apply ing  s u f f i c i e n t  v o l t a g e  and l i m i t i n g  the c u r r e n t  t o  
about  one microampere , f l u o r e s c e n t  s p o t s  on t h e  t r a n s p a r e n t  
anode could  be ob ta ined . "  Both t h e  p r o t r u s i o n s  and f l u o r e s -  
c e n t  s p o t s  appeared. i n  about a mill isecond. and p r o t r u s i o n s  
w e r e  s een  on both  cathode and anode. N o  p r o t r u s i o n s  were 
seen  b e f o r e  a p p l i c a t i o n  of electric f i e l d s .  The au thors  
concluded t h a t  the p r o t r u s i o n s  e i t h e r  a r e  a l ready  p r e s e n t  
on the s u r f a c e  and rise up as a r e s u l t  of t h e  f i e l d ,  o r  
t h a t  there i s  a mechanism by which i s o l a t e d  a r e a s  of s u r f a c e  
suddenly become molten and flow r a p i d l y  t o  form the p ro t ru -  
s i o n s .  S ince  t h e  p r o t r u s i o n s  were formed q u i c k l y ,  all long- 
tern s u r f a c e  ( d i f f u s i o n  , n u c l e a t i o n )  processes  were r u l e d  
-- 
o u t  * 
Jedynak (67)  has  performed experiments showing t h a t  
p r o t r u s i o n s  appa ren t ly  can be formed i n  spark  d ischarge  . 
vapors  a t  5 x loe7 Torr  w i thou t  the a id  of e lec t r ic  f i e l d s .  
H e  sugges t s ,  among other  t h i n g s ,  t h a t  whisker formation may 
be c r y s t a l  growth from t h e  vapor phase *in t h e  vacuum. 
The re la t ion  of s u r f a c e  a s p e r i t i e s  and f i e l d  emission 
has  been i n v e s t i g a t e d  by Archer ( 6 8 )  who formed a s p e r i t i e s  
? 
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by vacuum d e p o s i t i o n  of aluminum, 
1 t o  4 and measured f i e l d  enhancement f a c t o r s  were about 2 
Aspect r a t i o s  ranged from 
t o  20. These f i e l d  enhancements were i n  reasonable  agreement 
wit25 those calculate6 fcr corrcspcnding isclated! p r o l a t e  
hemispheroids . -' 
F u r t h e r  work has  been done by Rozgmyi and. Hoenig (69 )  
who conclude t h a t  t h e  p r o t r u s i o n s  they have c r e a t e d  are 
spark-induced tungs t e n  p r o j e c t i o n s  on tungs ten  s u b s t r a t e s  . 
. They i n t e r p r e t  t h e i r  r e s u l t s  as a conf i rmat ion  of Jedynak's 
hypothes is  . 
Recent ly  Mait land and Hawley ( 7 0 )  have bombarded anode 
s u r f a c e s  w i t h  e l e c t r o n  beams under cond i t ions  i n  which 
breakdown was i n h i b i t e d .  Steady and pulsed  beams from an 
e l e c t r o n  beam welder were used, and changing the focus 
allowed v a r i a t i o n  i n  t h e  power flux wi thou t  v a r i a t i o n  i n  
c u r r e n t  or vo l t age .  B o t h  forms of bombardment produced 
p r o t r u s i o n s  on t h e  azode t a r g e t  abcut one x ic ron  leng. 
Since ,  f o r  equa l  net  e n e r g i e s ,  pu lsed  bombardment led .  t o  
g r e a t e r  p r o t r u s i o n  formation,  they  nay be caused. by l o c a l  
c y c l i c a l  h e a t i n g  and cool ing.  Such p r o t r u s i o n s  could p a r t i -  
c i p a t e  i n  breakdown processes  i n  a v a r i e t y  of ways. 
Recently Sl ivkov (71)  has  at tempted t o  t h e o r e t i c a l l y  
I 
d e r i v e  the  numerical  va lues  of prebreakdown c u r r e n t s  capable  
of caus ing  e l e c t r i c a l  breakdown by the mechanisms of anode 
mel t ing ,  cathode me l t ing ,  and space charge c r e a t i o n .  T h e  
mechanism r e q u i r i n g  t h e  s m a l l e s t  c u r r e n t  fo r  breakdown 
would be t h e  i n i t i a t i n g  mechanism. 
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C h a t t e r t o n  (72 )  has  done a t h e o r e t i c a l  a n a l y s i s  of 
e l e c t r o n  emission frorn cathode p r o t r u s i o n s  t o  determine the 
r e l a t i v e  e f f e c t s  of cathode and anode h e a t i n g  under s teady-  
s t a t e  condi t ions .  He.states t h a t  the r e s u l t s  i n d i c a t e d  t h a t  
t h e  breakdown f i e l d s  f o r  cathode o r  anode primary mel t ing  
(hence t h e  o n s e t  of breakdown) are s imi la r  i n  va lue .  The 
main parameters a f f e c t i n g  whether t h e  cathode o r  anode-melting 
mechanism i s  dominant are t h e  f i e l d  i n t e n s i f i c a t i o n  f a c t o r  
and the geometric shape of t h e  emitter. Values were calcu- 
l a t e d  f o r  Cu, Al, and W f o r  gaps i n  t h e  range loW3 t o  10  cm. 
Charbonnier,  Bennet te  and Swanson (73)  have r e c e n t l y  
s t u d i e d  breakdown a c r o s s  narrow gaps between r e l a t i v e l y  
c l ean  electrode s u r f a c e s  i n  high vacuum. A theory was 
developed! which i s  claimed t o  q u a n t i t a t i v e l y  p r e d i c t  t h e  
maximum v o l t a g e  a t  which a gap remains stable f o r  s p e c i f i c  
experimental  cond i t ions .  I t  also p r e d i c t s  which electrode 
produces t h e  i n i t i a t i n g  i n s t a b i l i t y .  The most s i g n i f i c a n t  
f a c t o r s  l i m i t i n g  s t a b i l i t y  are: 
-- 
1. Emission c u r r e n t  h e a t i n g  of cathode p r o t r u s i o n s  
2. E l e c t r o n  beam power d e n s i t y  a t  t h e  anode 
3 .  Ion bombardment of cathode p r o t r u s i o n s  
4 .  E l e c t r o s t a t i c  stress a t  e i ther  e l e c t r o d e .  
The theory  inc ludes  a c r i t i c a l  f i e l d  enhancement f a c t o r  
which, i f  exceeded Sy cathode p r o t r u s i o n s ,  w i l l  cause 
breakdown t o  be i n i t i a t e d  a t  t h e  cathode. The a c t u a l  f i e l d  
enhancement f a c t o r  can be measured from prebreakdown c u r r e n t  
and v o l t a g e  d a t a  (Fowler-Nordheim p l o t ) .  The c r i t i c a l  f a c t o r  
YO 
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yo and the maximum stable c u r r e n t  are f u n c t i o n s  of t h e  
app l i ed  v o l t a g e  and i t s  d u r a t i o n .  The maximum power t h a t  
can be  s a f e l y  maintained by t h e  gap can also be determined. 
Tne tneo ry  p r e d i c t s  t h a t  m o s t  metal  e l e c t r o d e s  w i l l .  break 
down due t o  thermal  stress b u t  t h a t  metals w i t h  unusual ly  
low y i e l d  s t r m g t h s  (e.g. aluminum) vi11 f a i l  from electro- 
s t a t i c  stress. The au tho r s  claim t h a t  experiments performed 
wi th  W ,  M o ,  Cu and A1 s u b s t a n t i a t e  most of the p r e d i c t i o n s  
of t h e  theory.  The experiments u t i l i z e d  an e l e c t r o n  micro- 
scope f o r  cont inuous examination of e l e c t r o d e  s u r f a c e  condi- 
t i o n s .  
I n  a r e c e n t  paper  (74) Utsumi also has t h e o r e t i c a l l y  
determined a c r i t e r i o n  fo r  determining the breakdown nech- 
anism as a f u n c t i o n  of e l e c t r o d e  s e p a r a t i o n  and thermal 
and e lectr ical  conduc t iv i ty .  I t  was shown t h a t  t h e r e  were 
f o u r  r eg ions  of  s e p a r a t i o n :  t w o  anode-induced r eg ions ,  
.I 
one cathode-induced r eg ion ,  and one t r a n s i t i o n  region.  A l s o ,  
measurements were repor t ed  fo r  t h e  c r i t i ca l  anode power den- 
s i t y  and cathode c u r r e n t  dens i ty .  
Some comments on t h e  preceding pages are appropr i a t e .  
The v a s t  ma jo r i ty  of  t h e  r e sea rch  i s  experimental  and only 
a few t h e o r e t i c a l  ana lyses  have been r epor t ed  (e.g. refer- 
ences 44, 72-74). It  has been p o s s i b l e  t o  perform ana lyses  
f o r  t h e  prebreakdown’ cond i t ion  because only  a few processes  
had t o  be considered.  Once breakdown has  occurred., the 
number of p h y s i c a l  p rocesses  t o  be considered is  much l a r g e r .  
25. 
Obviously they are i n t e r r e l a t e d .  This  makes t h e  vacuum 
breakdown such a complex phenornenon t h a t  t h e  a t t empt  t o  
Y 
d e s c r i b e  it a n a l y t i c a l l y  seems t o  be hopeless .  
D, Mate r i a l  Release Hwotheses  
E lec t rode  m a t e r i a l  release i s  a phenomenon appa ren t ly  
i n h e r e n t  t o  t h e  vacuum breakdown process  . The m a t e r i a l  . I' i 
r e l e a s e d  from t h e  e l e c t r o d e s  is  needed t o  form a plasma, 
which i s  t h e  medium which t r a n s p o r t s  t h e  l a r g e  c u r r e n t s  
involved  i n  t h e  t y p i c a l  vacuum breakdown. Without t h i s  
plasma t h e  c u r r e n t  would have t o  be t r a n s p o r t e d  by elec- 
t r o n s  alone.  Obviously space charge e f f e c t s  would n o t  
allow c u r r e n t  of t h e  observed magnitude. Therefore  t h e  
I 
c u r r e n t  i s  l i m i t e d  up t o  t h e  p o i n t  of timewlien t h e  plasma 
i s  formed and h i g h l y  ion ized .  Then space charTes can be 
n e u t r a l i z e d .  The assumption of  a high ionizat j -on degree 
can. be supported by our  s p e c t r o s c o p i c  measurements, on 
which we r e p o r t  i n  t h e  r e s u l t  s e c t i o n  of t h i s  s tudy.  
-_ 
The q u e s t i o n  arises how i s  t h i s  m a t e r i a l  r e l e a s e d ,  
which forms t h e  plasma. The f a c t  t h a t  m a t e r i a l  i s  r e l e a s e d  
can be e s t a b l i s h e d  by a s imple examination of t h e  e l e c t r o d e s  
a f t e r  a breakdown. D e t a i l s  a r e  r epor t ed  i n  s e c t i o n  IV 
(Phenomenology of material e r o s i o n ) .  A f t e r  t h e  m a t e r i a l  i s  
r e l e a s e d  it i s  'thrown o u t  of t h e  i n t e r e l e c t r o d e  space o r  it 
i s  t ransferred!  t o  the ,  o t h e r  e l e c t r o d e .  
Evident ly  Anderson (75)  was t h e  f i r s t  r e s e a r c h e r  t o  
r e p o r t  an apparent  t r a n s f e r  of e l e c t r o d e  m a t e r i a l .  He found 
t h a t  a steel cathode and copper mode  e l e c t r o d e  system be- 
haved s i m i l a r l y  t o  copper e l e c t r o d e s  e He p o s t u l a t e d  t h a t  
26 . 
this was due t o  t h e  t r a n s f e r  of copper f r o m  t h e  anode t o  t h e  
steel  catnode,  making t h e  l a t t e r  behave as a copper cathode. 
The steel cathodes were examined by spectrochemical  a n a l y s i s  . 
Strong copper l i n e s  were observed. Holaislg t h e  e l e c t r o d e s  
n e a r  t h e  breakdown v o l t a g e  for  20 minutes would produce 
brown reg ions  on t h e  steel  cathode which were a t t r i b u t e d  t o  
copper d e p o s i t s  . However, no q u a n t i t a t i v e  measurements of 
the  mass o f  m a t e r i a l  w e r e  made. . 
Browne (76) a t tempted t o  check the  clump hypothes is  of 
vacuum breakdown by d e p o s i t i n g  polonium, a n a t u r a l l y  rad io-  
a c t i v e  a lpha  e m i t t e r ,  on electrodes of n i c k e l  and l ead .  
The t r a n s f e r  of the rad. ioact ive m a t e r i a l  from one e l e c t r o d e  
t o  the other was es tab l i shed  by d e t e c t i n g  t h e  presence of 
the material, usj-ng a lpha  s e n s i t i v e  p l a t e s .  The au tho r  
asserted t h a t  1 0  
d e t e c t e d  clumps of  t r a n s f e r r e d  polonium. H e  also used 
r a d i o a c t i v e  cobalt and cadmium eieetrodes and claimed t h a t  
less than  2 x io-’ grams of material were t r a n s f e r r e d  p r i o r  
t o  breakdown. Radioac t ive  clumps were found f o r  b a t h  non- 
spa rk ing  and spa rk ing  tests. 
amps f o r  one minute would produce e a s i l y  -12 
Tarasova and Razin (77 )  also used a t r a c e r  i s o t o p e  
method t o  s tudy  t h e  t r a n s f e r  of metal from one e l e c t r o d e  
t o  t h e  other. Copper e l e c t r o d e s  cf va r ious  shapes were 
used. The decay of was counted. They used s p e c i f i c  
a c t i v i t i e s  of L O O  mc/g y i e l d i n g  s e n s i t i v i t i e s  t o  gram 
w i t h  e s t ima ted  accuracy a t  2 40%. T h e  au thors  d i d  n o t  
27. 
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t a b u l a t e  t h e  mass t r a n s f e r r e d  b u t  claimed t o  t r a n s f e r  about  
1 t o  5 milligrams/coulomb from anode t o  catlhode and about 
low5 grams/couIomb from cathode t o  anode. 
cathode t r a n s f e r  t h e  number of atoms p e r  elementary charge 
w a s  u s u a l l y  about  2 1/2. 
For t h e  anode t o  
A very  d i f f e r e n t  approach has  been r e c e n t l y  t r i e d  by 
Davies and Biondi (78 )  who looked f o r  prehreakdown evapo- 
r a t i o n  of copper e l e c t r o d e s  t o  a s c e r t a i n  i f  t h e  release 
rate was l a r g e  enough f o r  volume i o n i z a t i o n  of t h e  n e u t r a l  
vapor t o  occur .  They at tempted t o  measure any s t eady  pro- 
duc t ion  of n e u t r a l  vapor d e n s i t y  s p e c t r o s c o p i c a l l y  us ing  
resonance l i n e  abso rp t ion  and l i n e  f luo rescensc .  For the  
minimum d e t e c t i o n  t i m e  r equ i r ed ,  one second, no stea8.y 
product ion of vapor was observed. T o  check i f  h o t  s p o t s  
could produce s u f f i c i e n t  e l e c t r o d e  vapor i n  t i m e s  less khan 
one second, they used an i n f r a r e d  image converted camera t o  
observe the anode. N o  h o t  s p o t s  were observed. They'con- 
cluded t h a t  t h e  breakdown mechanism must be caused by f a s t  
(less than one second) c a t a s t r o p h i c  even t s  o r i g i n a t i n g  a t  
t h e  cathode and invo lv ing  microscopic cathode p ro tus ions .  
Heard and Lauer ( 7 9 )  used the r a d i o a c t i v e  tracer tech- 
nique t o  measure the material t r a n s f e r  from copper anodes 
t o  cathodes i n  bot25 t h e  pre5real:down s t a g e  and as  a r e s u l t  
of vacuum breakdown. ' Only fou r  tes ts  were made, so no 
r e p r o d u c i b i l i t y  c la ims can be made. For two nonsparking 
s h o t s ,  8.7 and 6 8  mill imicrograms were t r a n s f e r r e d  t o  t h e  
cathode. For one breakdown, 8 .1  micrograrcls were t r a n s -  
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f e r r e d .  The au tho r s  sugges t  t h a t  t h e  m a t e r i a l  i s  removed by 
an evapora t ion  process  and t h a t  most of t h e  material c r o s s e s  
t h e  gap uncharged. 
The prehreakd.own phase of e l e c t r o d e  m a t e r i a l  t r a n s f e r  
has  a l s o  been i n v e s t i g a t e d  by Schwabe (80 )  who s t u d i e d  t h e  
cur ren t -vol tage  curves ,  t h e  microscopic  changes i n  e l e c t r o d e  
s u r f a c e s ,  and t h e  amount of m a t e r i a l  t r a n s f e r r e d .  The l a t -  
t e r  was done by a s p e c t r a l - a n a l y s i s  method which was claimed 
t o  be  s e n s i t i v e  t o  5 x lo'* grams. 
and aluminum e l e c t r o d e s  were used and s t r e s s e d  a t  p o t e n t i a l s  
Copper, gold,  s i l v e r  
of 20 t o  75 kV. Schwabe's d a t a  i n d i c a t e d  a g r e a t e r  t r ans -  
f e r  from anode t o  cathode than i n  t h e  oppos i t e  d i r e c t i o n .  
H e  r e p o r t s  t l a t  t h e  t o t a l  m a t e r i a l  t r ans fe r r ed .  i s  propor- 
t i o n a l  t o  t h e  t ransported.  charge b u t  not apparent ly  dependent 
upon f i e l d  s t r e n g t h ,  v o l t a g e ,  power or e l e c t r o d e  m a t e r i a l  . 
Hodever , dependence upon e l e c t r o d e  s u r f a c e  conclj-tions was 
noted.  Material. t r a n s f e r  was said t o  be g r e a t e r  f o r  e l e c t r o -  
l y t i c a l l y  po l i shed  than mechanically po l i shed  s u r f  aces . 
shows a p l o t  of t h e  r a t e  of material t r a n s f e r  ve r sus  the 
He 
average c u r r e n t  over  a range of 0 . 0 0 0 1  t o  1 .0  micrograms p e r  
minute and lou9 t o  loA5 amps, r e s p e c t i v e l y .  
Q u a n t i t a t i v e  measurement of t h e  mass of m a t e r i a l  eroded 
from e l e c t r o d e s  i n  vacuum breakdown vas done 3y Schaaf fs  (81). 
I n  h i s  experiments wi th  X-ray f l a s h  tubes  and tungs ten  elec- 
t r o d e s ,  he  r epor t ed  t h a t  t h e  eroc2ed mass p e r  d i scha rge  v a r i e d  
w i t h  t h e  breakdown v o l t a g e  as follows: 
, 
29 . 
50 kv 0 . 1 mil l igram 
I 
1 0 0  kv 0 .5  mi l l ig ram 
150 kv 2. mi l l ig ram 
Tsulcerman and 14anakova ( 8 2 )  r epor t ed  on e l e c t r p d e  m a t e r i a l  
e r o s i o n  i n  t h e i r  work wi th  very  high vo l t age  (1-2 megavolts) 
X-ray f l a s h  tubes.  I n  o r d e r  t o  approach a p o i n t  source  geome- 
t r y ,  needle  shaped anodes were used. I t  was found t h a t  t h e  
s i z e  of  t h e  X-ray emiss ion  s p o t  . increased s e v e r a l  t i m e s  due 
t o  evapora t ion  of anode m a t e r i a l  dur ing  t h e  X-ray f l a s h  (less 
than 1 microsecond).  They measured t h e  v e l o c i t y  of t h e  
exp los ive ly  s c a t t e r e d  anode metal and found it t o  he i n  t h e  
range 6-25 km/sec, depending on t h e  anode s i z e  (h ighe r  velo-  
ci t ies f o r  smaller anodes) . The weight  loss from 0.3  t o  0 . 4  
mm. diameter  tungs ten  w i r e  anodes was f r o m  3-10 m i l l i g r a n s  
pe r  p u l s e  (VB = 1 0 0 0  kv, C = 500ur.rf, L = 25r.rh), implying an 
evaporated volume of 0.2 t o  0.6 mn. . T h i s  loss of anode 
m a t e r i a l  l e d  t o  t w o  d e t r i m e n t a l  effects;  (1) i n c r e a s e s  i n  
e l e c t r o d e  gap adve r se ly  a f f e c t i n g  S-ray i n t e n s i t y ;  ( 2 )  deposi- 
t i o n  of tungs ten  f i l m s  on i n s u l a t i n g  s u r f a c e s ,  r e s u l t i n g  i n  
i n t e r n  a1 break clowns . 
3 
An i n t e r e s t i n g  r e s u l t  of t h e  d a t a  given by Schaa f f s  i s  
t h a t  t h e  r e l e a s e d  m a t e r i a l  weight  p e r  u n i t  s t o r e d  energy 
(Eo = % CV ) increases wi th  t h e  breakdown vo l t age .  
charge c u r r e n t  i s  p r d p o r t i o n a l  t o  t h e  breakdown v o l t a g e  so 
it i s  n o t  p o s s i b l e  t o  a s c e r t a i n  whether t h e  m a t e r i a l  r e l e a s e  
2 The d i s -  
behavior  i s  a c u r r e n t  o r  v o l t a g e  phenomenon o r  both. 
Schaa f f s '  d a t a  and t h a t  of Tsulcerman and ?lanakova a r e  given 
i 
i 
i . _  
30 . 
i n  Table 1 along wi th  s i g n i f i c a n t  va lues  which 'may be c a l c u l a t e d  
from t h e i r  da t a .  I t  i s  remarkable t h a t  t h e  two sets of  d a t a  
are somewhat c o n s i s t e n t ,  cons ide r ing  t h e  d i f f e r e n c e s  i n  t h e  
g ive  a range i n  eroded m a t e r i a l  of 3 t o  1 0  mil l igrams p e r  
sho t .  I t  is  a l s o  i n t e r e s t i n g  t h a t  t h e  peak currents produced 
by t h e s e  t w o  dev ices  were n o t  very  l a r g e .  Weither paper  
names t h e  method for measuring t h e  m a t e r i a l  r e l eased .  Since 
?. 
t h e r e  are only f o u r  d a t a  p o i n t s ,  no conclusions can be drawn 
from t h e s e  observa t ions  regard ing  t h e  mechanism re spons ib l e  
for  t h e  release of e l e c t r o d e  m a t e r i a l ,  
The energy r e l e a s e  from high c u r r e n t  vacuum d i scha rges  
i n  a plasma a c c e l e r a t o r  conf igu ra t ion  has  Seen s t u d i e d  by 
Osadin ( 8 3 )  . Calorimetric measurements which were made of 
t h e  energy c a r r i e d  away by e l e c t r o d e  erosion products  showed 
t h a t  t h e  l a t t e r  c o n t a i n  5 4  * 4% of the energy i n i t i a l l y  
s t o r e d  i n  t h e  c a p a c i t o r  bank. Osadin claims that the ehz- 
t r o d e  e r o s i o n  products  can be a c c e l e r a t e d  t o  v e l o c i t i e s  f a r  
g r e a t e r  than t h a t  of the  primary p r o p e l l a n t .  Ma te r i a l  was 
e j e c t e d  from t h e  c e n t r a l  electftode i n  t h e  form of discrete 
plasmoids. He p o i n t s  o u t  t h a t  t h e  mechanism of a c c e l e r a t i o n  
of t h e  e r o s i o n  products  i s  q u i t e  obscure.  
A number of i n v e s t i g a t i o n s  have been made of condLtions 
i n  which arc i n i t i a t i o n  was n o t  s t r i c t l y  by vacuum breakdown. 
Never the less ,  t h e s e  i n v e s t i g a t i o n s  may be  i n t e r e s t i n g  f o r  
v a r i o u s  reasons.  Gurov and co-workers ( 8 4 )  r epor t ed  on 
e l e c t r o d e  processes  i n  h igh -cu r ren t ,  low-voltage vacuum 
3 
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d i scha rges  i n  coaxial .  e l e c t r o d e s  s e p a r a t e d  by a t e f l o n  
spacer .  A high  speed camera photographed s p a t i a l l y  bounded 
i 
microplasmoids which w e r e  e m i t t e d  f rorn the anode. Micro- i 
s c o p i c  examination of t h e  eroded e l e c t r o d e s  revea led  r n i l l i -  
meter s i z e  s p o t s  on tL'e anode and hundredk of micron s i z e  
craters on t h e  cathode. Although t h e  eroded mass was n o t  
I 
measurec?, t h e  v a r i a t i o n  of microplasmoid v e l o c i t y  wi th  
c u r r e n t  and t i m e  was given. Average dimensions of t h e  
craters w e r e  a l s o  given from which one might estimate t h e  
eroded mass. 
E lec t rode  e r o s i o n  processes  under d i f f e r e n t  c o n d i t i o n s ,  
e.g. , atmospheric  arcs may p o s s i b l y  have f a c t o r s  i n  common 
wi th  e r o s i o n  processes  i n  vacuum breakdown. The case of 
e l e c t r o d e  e r o s i o n  i n  an a i r  environment w a s  i n v e s t i g a t e d  
t h e o r e t i c a l l y  and exper imenta l ly  by Belkin and Xiselev (85) . 
, .  
i 
The i r  experimental  appara tus  and technique  cons i s t ed  of a 
c a p a c i t o r  bank and copper e l e c t r o d e s  . 
b i l i t y  was i n  t h e  range 70-800 kA and was v a r i e d  by changing 
capac i t ance ,  inductance ,  and v o l t a g e  which also changed, t h e  
The c u r r e n t  capa- 
-- 
i 
p e r i o d  and damping f a c t o r .  Metal was eroded i n  both t h e  
. l i q u i d  and vapor phase and was c o l l e c t e d  by a metal  sc reen .  
The d i f f e r e n t i a l  weight  was measured and t h e  d e p o s i t s  examined 
microscopica l ly .  The d a t a  and c a l c u l a t i o n s  r e s u l t e d  i n  Lle 
fo l lowing  express ion  f o r  t h e  m a s s  of e l e c t r o d e  m a t e r i a l  
melted: i 
t7 t d  
where 
3 3 .  
i 
! 
V is  t h e  e l e c t r o d e  vo l t age  drop 
c i s  t h e  e l e c t r o d e  metal s p e c i f i c  h e a t  
T i s  t h e  electrode metal me l t ing  temperature 
mP 
t i s  t h e  d i scha rge  t i m e  d 
lil i s  the d i scha rge  c u r r e n t ,  abso lu t e  v a l u e  
Defining t h e  i n t e g r a l  t o  be ct arid assuming t h a t  a f r a c t i o n  
k of t h e  melted material  i s  eroded away, they o b t a i n  fo r  
t h e  mass of eroded material  
6 
From t h e i r  experiments ,  t h e  au thors  founc? t h e  fol lowing:  
85-90% o f  the material is eroded i n  t h e  l i q u i d  phase; fcl 
varies l i n e a r l y  wi th  t h e  i n i t i a l  c a p a c i t o r  bank v o l t a g e  
( for  c o n s t a n t  c i r c u i t  paraineters) . The d.epenc?ence of M 
upon ct is  e s s e n t i a l l y  l i n e a r  fo r  a> iO.  - E i  i s  markedly 
reduced f o r  a below this t h r e s h o l d  va lue .  The va lue  04 k 
does n o t  depend on t h e  magnitude and form of t h e  c u r r e n t  
i n  t h e  range 70-800 kA and e l e c t r o d e  e r o s i o n  i s  reduced 
when t h e  inductance of t h e  d i scha rge  c i r c u i t  i s  reduced. 
The r eade r  i s  also r e f e r r e d  t o  t h e  p u b l i c a t i o n s  by Gosowitz, 
e t  a l .  ( 8 6 ) ,  Dethlefsen (88 )  and Starr  and Naff ( 8 9 )  . 
_.- 
I n  summary, t h e ’ f o l l o w i n g  th ings  nay be said: F i r s t ,  
t h e r e  are very few q u a n t i t a t i v e  d a t a  on t l e  prebreakdown 
material  t r a n s f e r ;  second, q u a n t i t a t i v e  d a t a  f o r  t h e  pa t e r i a l  
34.  
r 
release are n o t  known; and f o u r t h ,  t h e  rnechanism(s) respon- 
s i b l e  f o r  t h e  a c c e l e r a t i o n  of t h e  eroded m a t e r i a l  i s  poorly 
understood. 
J 
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11. EXPERIPEENTAL APPARATUS 
The goa l  of this s tudy  was t o  measure t h e  amount of mass 
. .  
I 
, 
I 
i 
r e l e a s e d  by t h e  e l e c t r o d e s  a t  one shot  and observe t h e  f a t e  
of t h i s  eroded mass dur ing  t h e  breakdown event .  I t  tu rned  
o u t  t h a t  the measurement of eroded mass r equ i r ed  a f a i r l y  
c l ean  c o n d i t i o n ,  which means h igh  vacuum and t h e r e f o r e  
:..h@k&le walls. So it turned q u t  t h a t  it was more conven- 
i e n t  t o  do o p t i c a l  measurements and mass e r o s i o n  measure- 
ment i n  two s e p a r a t e  dev ices ,  each of which be ing  designed 
f o r  i t s  s p e c i f i c  purpose.  F igu re  1 shows t h e  schematic of 
t h e  device  used f o r  the o p t i c a l  measurenents. 
I t  c o n s i s t s  of two s e c t i o n s :  The spark  gap s e c t i o n  ( a i r  
a t  atmospheric p r e s s u r e )  and t h e  d-ischarge s e c t i o n  (evacuated) . 
The device  is mounted d i r e c t l y  upon an energy s t o r a g e  c a p a c i t o r  
(Aerovox, 1 0 0  kv maximum, 0.4 u f )  and is  concen t r i c  w i t h  t h e  
ceramic high v o l t a g e  i n s u l a t o r  and t e rmina l  p o s t ,  The device 
base p l a t e  i s  i n s u l a t e d  from t h e  capacitor case  by a neoprene 
s e a l  and i s  anchored by mounting rods t o  a non conducting base 
upon which the c a p a c i t o r  rests. A p l e x i g l a s s  c y l i n d e r  en- 
c l o s e s - t h e  spark  gap s e c t i o n  and provides  suppor t  fo r  the 
d ischarge  s e c t i o n  above it. The lower spark  gap hemisphere 
i s  threaded  on t h e  t e r m i n a l  p o s t  and i s  e x t e r n a l l y  a d j u s t a b l e  
by r o t a t i n g  t h e  a t t aphed  b a k e l i t e  d i sk .  The spark gap may be 
f i l l e d  up t o  t h e  h igh  v o l t a g e  cable  wi th  t ransformer  o i l  f o r  
a d d i t i o n a l  i n s u l a t i o n .  Coarse adjustments  f o r  clif f e r e n t  
e l e c t r o d e  conf igu ra t ion  can be made wi th  t h e  lower electrode 
ho lde r  and f i n e  adjustment  nade wi th  t h e  threaded upper s h a f t .  
-- 
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Figure f: Vacuum breakdown device  used f o r  ??c:aqraphic 
observa t ions  
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The vacuum chamber i s  made of pyrex g l a s s  s e a l e d  by f l a t  
gaske t s ,  The t o p  p l a t e  i s  h e l d  i n  p rope r  p o s i t i o n  by f o u r  
b r a s s  rods  which also serve a s  c u r r e n t  r e t u r n  pa ths  t o  t h e  
base p l a t e ,  The b r a s s  rods are covered wi th  i n s u l a t i n g  
m a t e r i a l .  From t h e r e ,  c u r r e n t  goes t o  t h e  c a p a c i t o r  case 
through a s i n g l e  b a r  upon which a Rogowski c o i l  f o r  c u r r e n t  
i 
measurement i s  mounted, I n  a d d i t i o n ,  a c o a x i a l  r e s i s t i v e  
I 
I 
c u r r e n t  shun t  may be i n s e r t e d  here .  F igure  2 shows a 
. photograph of t h e  vacuun chamber. The e l e c t r o 8 e s  a r e  e a s i l y  
in te rchangeable .  Fig.  2 shows a r a i l  a c c e l e r a t o r  arrangement 
while  Fig.  1 shows d i s k  e l e c t r o d e s .  O p t i c a l  observa t ions  can 
be made from almost  all d i r e c t i o n s .  End on obse rva t ion  of 
t h e  r a i l s  can be made by i n s e r t i n g  an o p t i c a l  window i n t o  t h e  
e x t r u s i o n  a t  t h e  r i g h t  of Fig.  2. The device  f o r  nass  ero-  
s i o n  s t u d i e s  i s  shown i n  Fig. 3 .  A ske tch  of t he  whole 
device  i s  shown i n  Fig. 3a. 
The energy system of t h i s  device was t o  provide a. -- 
choice  i n  peak c u r r e n t s  independent of breakdown v o l t a g e  by 
choice of capac i ty .  I t  was t o  have t h e  capa?? i l i t y  of gene ra t ing  
very h igh  peak c u r r e n t s .  To allow measurement of t h e  rnater ia l  
r e l e a s e d  from each s h o t ,  easy access t o  t h e  vacuum chamber was 
r equ i r ed  wi th  ample working room i n s i d e  t h e  charher  f o r  appa- 
r a t u s ,  t o o l s ,  an6 t h e  o p e r a t o r ' s  hancls . Although h igh  vacuum 
was d e s i r e d ,  i t  was impor t an t  t h a t  pumpdpvm t i m e  be s h o r t  
t o  p reven t  loss of t i m e  between success ive  s h o t s .  Voltage 
i requi'rements were 3 0  kv t o  60 kv. 
i 
Figure 2: Photograph of device out1 ined in figure 1 
t h  accelerator electrodes mounted, 
Figure 3: Vacuum breakdown device used for 
mater i a 1 eros i on measu rement s e 
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T h e  device c o n s i s t s  of two u n i t s :  the  e lectr ical  energlj 
s t o r a g e  and t r ansmiss ion  system (capac i tor '  bank) 
s e c t i o n  w i t h  vacuum pumps. 
and t e s t  
The  c a p s c i t o r  bank clznsis ts  GE 10 flat pla te  type 
c a p a c i t o r s  each of which has a nominal capac i ty  and induc- 
tance  va lues  of 0.5 microfarad and 0.32 nanohenry and r a t e d  
a t  30 k i l o v o l t s  d.c. Each can s t o r e  225  jou1 .e~ .  The capa- 
c i t o r s  are Tobe Peutchman Labora to r i e s  Model ESC-252. 
Fig. 4 shows the ele;trode holder and t h e  test  tube 
which was used t o  catch t h e  e j e c t e d  p a t e r i a l  i n  p l ace .  The 
device  i s  capable  of d e l i v e r i n g  up t o  1 0 0  Hiloamperes. I t  
was ope ra t ed  with vo l t ages  up t o  1 0 0  kV. It  reaches a 
vacuum of 2.7 x lo-' Torr ,  
To reach Torr  r e q u i r e s  a n o t l e r  30 minutes. 
Roughing t ime is 30 minutes. 
i 
Figure 4: Test tube f o r  mater ia l  c o l l e c t i o n  
and accelerator electrodes. 
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111. MEASUREKENT TECHNIQUE 
4 
I 
The technique used h e r e  for  q u a n t i t a t i v e  measurement of 
t h e  material r e l e a s e d  f r o m  t h e  electrodes is neutron activa- 
t i o n  a n a l y s i s  and gamma r a y  spectrometry.  The nethod i s  well 
known for  i t s  a b i l i t y  t o  i d e n t i f y  and measure s m a l l  q u a n t i t i e s  
(vg range) of many elements.  
The s p e c i f i c  a c t i v i t y  produced f o r  a p a r t i c u l a r  nuc l ide  
by neut ron  i r r a d i a t i o n  i s  given by 
where 
(P neutron f l u x  d e n s i t y  (neutrons/cm2-sec) 
T i r r a d i a t i o n  t i m e  
X produc t  n u c l i d e  decay c o n s t a n t  
0.693 A =  
T4 
T+ product  n u c l i d e  ha l f  l i f e  
The macroscopic a c t i v a t i o n  cross s e c t i o n  f o r  t h e  t a r g e t  
isotope i s  
- - N a1 c = Noact - - 0  €4 act  gram ( 7 )  
where 
Na  Avogadro's number, 6 .023  'atoms p e r  grap-atom 
I f r a c t i o n a l  i s o t o p i c  abundance of t h e  t a r g e t  nuc l ide  
M atonic weight  of t h e  t a r g e t  element i n  gram p e r  
gram- atorr.. 
44  e 
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I f  , a t  t i m e  TI t h e  neut ron  f l u x  goes t o  zero ,  t hen  t h e  
s p e c i f i c  a c t i v i t y  w i l l  decrease  exponen t i a l ly :  
-AT - A t  
As (t) = E 4 ( l - e  ) e  
Thus t h e  s p e c i f i c  a c t i v i t y  a t  t = 0 can be des igna ted  Aso 
where 
When t h e  i r r a d i a t i o n  t i m e  is much l a r g e r  than t h e  iso- 
. . top ic  h a l f - l i f e  (T > >  T4) t h e  f a c t o r  (l-e’XT) approaches 
un i ty .  .This i s  called t h e  s a t u r a t i o n  a c t i v i t y  which i s  des- 
i g n a t e d  and given ‘by 
Am = E $  (10) 
The t o t a l  a c t i v i t y  is  the  product  of t h e  s p e c i f i c  ac- 
t i v i t y  and t h e  weight  of the i r r a d i a t e d  e lementa l  sample, 
hence 
A ( d i s i n t e g r a t i o n s / s e c )  = W (grams)  As ( d i s i n t e g r a t i o n s / s e c .  
-- 
gram) e 
The formula t ions  above do n o t  d e s c r i b e  the n a t u r e  of 
t h e  p a r t i c l e s  e m i t t e d  by t h e  r a d i o a c t i v e  nucleus.  I n  many 
cases  t h e r e  a r e  more than one s p e c i e s  (e.g. , b e t a s  and gammas) 
e m i t t e d  by a p a r t i c u l a r  i s o t o p e  each having a d i f f e r e n t  en- 
ergy. The decay schemes f o r  each i s o t o p e  as well as  c ross -  
s e c t i o n s ,  h a l f - l i v e s ,  etc. , a r e  well knovm and a r e  r e a d i l y  
a v a i l a b l e  ( 9 0 ,  9 1 ,  9 2 ) .  Furthermore,  many computational 
d i f f i c u l t i e s  a r e  a l l i e v i a t e d  by t h e  p u b l i c a t i o n  of c h a r t s  , 
45. 
..” 
graphs,  etc. ,  a l lowing experimenters  t o  r a p i d l y  p l a n  and exe- 
c u t e  neutron a c t i v a t i o n s  ( go ) .  
The s p e c i f i c  a c t i v i t y  formula provides  information about 
a s i n g l e  i so tope .  For many elements more than one i s o t o p e  
becomes act ive and t h e  p r o p e r t i e s  of each may be  q u i t e  d i f -  
f e r e n t .  This  may provide a choice of emi t t ed  s p e c i e s  t o  
detect and measure. I t  also may allow t h e  experimenter  t o  
choose a p a r t i c l e  of s u i t a h l e  energy and which decays wi th  
a convenj-ent h a l f - l i f e .  
The s e n s i t i v i t y  of t h e  method i s  expressed i n  a gene ra l  
w ay by 
s = -  - R grams (11) 
As 
where R is t h e  minimum count ing ra te  necessary f o r  t h e  
d e s i r e d  measuring accuracy and As i s  t h e  s p e c i f i c  a c t i v i t y  of 
t h e  rad ionucl ide .  The s e n s i t i v i t y  indj-cates  t h e  smallest  
amount t h a t  can he  accu ra t e ly  de t ec t ed ,  hence it i s  be t te r  
f o r  l a r g e r  s p e c i f i c  ac t iv i t i e s .  R depcnc?s rr?.cstly 03 +h,. U L G  
h a l f - l i f e  of  t he  decaying i s o t o p e  because tfie number of 
counts  accumulated i n  a d e t e c t i o n  system may be l i n i t e d  by 
t h e  l i f e  of t h e  i s o t o p e .  R a l so  depa& on t h e  e f f i c i e n c y  
-of t h e  d e t e c t i o n  system f o r  t h e  emi t t ed  nuc lea r  p a r t i c l e s .  
For  q u a n t i t a t i v e  a n a l y s i s  , t h a t  i s  , t o  determine. an 
unknown mass of a p a r t i c u l a r  elerrtent, t h e  usua l  method i s  
t o  i r r a d i a t e  t h e  unknown (mass) s imultaneously w i t h  a known 
mass ( s t a n d a r d ) .  The  r a t i o  of t h e  a c t i v i t j - e s  of one i s o t o p e  
of t h e  sample ( s u b s c r i p t  u) and s t anda rd  ( s u h s c r i p t ‘ s )  i s  
46. 
e q u a l  t o  t h e  r a t i o  of the products  of the weights  and spec i -  
f i c  ac t iv i t i e s  of the sample and s tandard .  
c 1 2 )  
The weight  of t h e  sample i s  given by 
(43 Au wu = ws -- - 
Since  t h e  a c t i v i t i e s  decay t i i t h  time according t o  
- A t  = Aoe 
Eqn. ( 13 ) can be r ewr i t t en :  
+ s  Aou wu = v? - -
+Ju Aos 
Therefore ,  t h e  sample weight i s  related t o  the a c t i v i t y  
r a t i o  of t h e  sample and s t anda rd  a t  t i m e  zero. The weight  
of t h e  s t anda rd  \ 4 s ,  i s  a knoim q u a n t i t y .  The f l u x  ha3 been 
r e t a i n e d  i n  t h e  express ion  because t h e  f l u x  t o  which sample , 
and s t anda rd  are exposed may n o t  be  i d e n t i c a l .  
I n  t h e  p r a c t i c a l  a p p l i c a t i o n  of t h e  method t h e  radio-  
a c t i v i t y  i s  measured over a pe r iod  of t i m e  so  t h a t  enough 
p a r t i c l e s  are counted t o  reduce t h e  s t a t i s t i c a l  error. The p 
. .i t o t a l  number of d i s i n t e g r a t i o n s  during.  an a r b i t r a r y  t i m e  
1 
i i n t e r v a l  tl t o  t2 i s  given by 
d t  = D 
47. 
r e s u l t s  
-At 
Performing t h e  i n t e g r a t i o n  in 
- e  ) A - l  
This  can be r e w r i t t e n  i n  t e r m s  of the count ing t i m e  T as 
j 
where 
= t2 - tl '1 
If t h e  r a d i o a c t i v e  sample anit t h e  standard. are counted 
from t i m e  tl t o  t2 and t3 t o  t4, r e s p e c t i v e l y ,  t h e  t o t a l  
number of d i s i n t e g r a t i o n s  f o r  each i n  each i n t e r v a l  i s  given 
The s u b s c r i p t s  i n d i c a t e  t l a t  t h e  sample has  been (a r -  
b i t r a r i l y  i n  t h i s  case) counted f j - r s t  anc?, t h e  s t anda rd  second. 
I t  i s  more convenient t o  rewrite t h e s e  express ions  i n  terxvs 
of t h e  t i m e  t a t  which count ing  began and t h e  count ing t i m e  
T for  sample and s tandard .  .Thus we .have 
- - A T  - A T  -1 D s ( t s , ~ s )  - Aos e s (I. - e , s )  A 
The d e t e c t i o n  system does- n o t  recorl! a l l  t h e  p a r t i c l e s  
emi t t ed  by a r ad ionuc l ide  hence a c o r r e c t i o n  f a c t o r  must he  
inc luded  r e s u l t i n g  i n  t h e  r e l a t i o n  
48 .  
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The c o r r e d t i o n  factor  K depends l a r g e l y  upon t h e  energy of 
t h e  p a r t i c l e s ,  on t h e  geometry, and on t h e  magnitude of 
D ( t , - r )  a The t o t a l  number of counts  recorded i n  each t i m e  
i n t e r v a l  f o r  t h e  sample an2 the s t anda rd  i s  given by 
C S ( t s t T s )  = Ks DU(tstTs) (25) 
S u b s t i t u t i n g  equa t ions  ( 1 9  ) and ( 20 ) i n t o  ( 24  ) and 
( .25 ) , r e s u l t s  i n  
(27) 
'ATS) A-l 
C s ( t s I T s )  = I; P. emAts (1 - e s os 
By t r anspos ing  t h e  express ions  above for Aou and Aos and 
s u b s t i t u t i n g  t h e s e  i n t o  equat ion  ( 13 ) we o b t a i n  t h e  
unknown ( s amp le) we i gh t 
I f  the count ing t i m e s  are equa l  ( T ~  = T 
r e l a t i o n  reduces t o  
= T) then  t h e  U 
+sKs cu e - A ( t s , t u )  
1 w, = t J  -S O Y ,  u u cs ( t s t ' C s  
and 'cS are recorded dur ing  t h e  Tu I n  any case , tu, 
measurenients and t h e  .detectj-on system provides  d a t a  from 
which Cu and Cs can be computed. 
The. q u a n t i t i e s  C U ( t U , T U )  and Cs ( t S I T S )  are obta ined  
us ing  a mult ichannel  ana lyzer  and gamma d e t e c t i o n  system. 
The p r i n c i p l e s  of gamma d e t e c t i o n  , t h e  r e s u l t a n t  energy 
49 . 
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s p e c t r a ,  and mult ichannel  a n a l y s i s  can be  found i n  References 
9 3 ,  94  and 95, 
Once t h e  e m i t t e d  n u c l e a r  p a r t i c l e  t o  be  d e t e c t e d  has  
been d e t e r m i n e d  (by choice o r  n e c e s s i t y )  one u s u a l l y  measures 
t h e  photopeak of t h e  pa r t i - c l e  i n  one way or  another .  Basic 
methods of a n a l y s i s  are given by Bowen and Gibbons ( 9 3 ) .  
I n  gene ra l ,  t h e  measurement may be complicated because t h e  
photopeak may be d i s t o r t e d  by t h e  Conpton edge, o r  worse, by 
t h e  presence of a h i g h e r  energy gamma ray.  The l a t t e r  may be 
due t o  t h e  a c t i v i t y  of an impuri ty  which i s  unavoidably pre-  
sen t  i n  s i g n i f i c a n t  q u a n t i t y .  Thus,  t h e  d e s i r e d  photopeak i s  
superimposed on a s p e c t r a l  background. I t  i s  necessary  t o  
correct f o r  t h i s  background by some sys t ema t i c  mathematical  
technique . 
A s  can be seen  from Figures  4 and 13, the e j e c t e d  
material was ga the red  i n  a polypropylen t es t  tube  ( c e n t r i f u g e  
tube)  . A f t e r  vacuun. brczkdown had occured t h e  c e n t r i f u g e  
tube was a c t i v a t e a  i n  t h e  Univers i ty  of F l o r i d a  Tra in ing  
Reactor. I r r a d i a t i o n  t i m e  w a s  chcsen l a r g e  enough t h a t  t he  
a c t i v i t y  of 0 .5  p g  of C o G 4  would be d e t e c t e d  wi th  ahso lu te  
c e r t a i n t y ,  
11 1 
2 c m  sec 
I r r a d i a t i o n  tine: 10 .0  rainutes a t  @ = 10' 
Counting time: 40 minutes 
S ince  t h e  expec'ted mass/erosion i s  i n  the o r d e r  of 5 t o  
1 0 0  p g ,  t h e  s t a n d a r d  m a s s  should n o t  exceed 50 u q .  The eas ies t  
way i s  t o  c u t  a s t anda rd  wire t o  t h e  ric-jht s i z e .  For t he  ava i l -  
i 
able s t anda rd  wire of 93.993% copper and a diarreter  of 9.003'' 
50. 
a l[m] p i e c e  y i e l d s  40 .68  pg. A wire of approximately 1 m. 
l e n g t h  w a s  c u t  w i th  a r a z o r  b l ade  and i t s  length  was measured 
wi th  a measuring microscope. ( 4 0 0  magni f ica t ion)  Standards 
w i t h  an u n c e r t a i n t y  of n,Ol[mm] (=0.4 us) were e a s i l y  obtained.  
The s t a n d a r d  was f i x e d  t o  a polypropylene c o n t a i n e r  of the 
6 
same s i z e  as t h e  vapor t r a p .  Both c o n t a i n e r s  (vacuum t r a p  and 
s t a n d a r d  con ta ine r )  were i r r a d i a t e d  a t  t h e  same t i m e .  
I n  o r d e r  t o  g e t  a good geometry fac tor  i n  t h e  counter  
. Lhe voluminous polypropylene tubes w e r e  me l t ed .  i n  a s m a l l  
d 
c r u c i b l e  a t  a temperature  of about 15O0C. The f i n a l  form of 
the polypropylene mass had t h e  s i z e  and shape of a h a l f - d o l l a r  
co in .  This  ch ip  was placed. d i r e c t l y  on t h e  s c i n t i l l a t i o n  
c r y s t a l  ( N a J ( T 1 ) )  t h u s  provicling a geometry f a c t o r  of 2 n ,  
The d e t e c t i o n  system f o r  t h e  0 .511  MeV a n n i h i l a t i o n  peak con- 
s ists of a 2 x 3" sodium i o d i d e  c r y s t a l ,  photomult iplLer  and 
a 400 channel ana lyze r  (TMC 4 0 4  C ) .  The energy r e s o l u t i o n  
w a s . i n  the order of 108, -- 
Counting t i m e  f o r  t h e  s t anda rd  bras 1 0  minutes;  f o r  t,,e 
unknown mass 40 minutes . 
Copper 64 has an a n n i h i l a t i o n  gamm peak and deca j7~ wi th  
a h a l f  l i f e  of 12 .9  hours.  Unfortunately t h e  polypropylene 
tube has  a very s t r o n g  peak a t  0.59 YeV. However t h i s  peak 
decays r a p i d l y ,  Never the less  i t  i s  abso lu te ly  impossible  t o  
s t a r t  count ing b e f o r e  t h i s  peak has  n e a r l y  decayed. Otherwise 
. I  
t h i s  peak w i l l  be mistaken f o r  t h e  a n n i h i l a t i o n  qanma peak, 
TO ol3tain an a c c u r a t e  va lue  of t\e 0.59 peak f i v e  runs were 
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made i n  i r r a d i a t i n g  t h e  p l a i n  tube.  S i x  hours a f t e r  irradia- 
t ion  t i m e  t h e  area under t h i s  peak was e q u i v a l e n t  i n  s i z e  t o  
t h e  a n n i h i l a t i o n  peak of a copper mass of 5.9+0.55[vg]. 
Since with our  equipifieii'i it irrzts ZG"L possible t o  s e p a r a t e  the 
two p e a s  t h e  whole area under both peaks was measured. To 
o b t a i n  t h e  e r r aded  copper mass 5.9 pg were s u b t r a c t e d ,  
Fig.  5 shows a set  of t y p i c a l  r e s u l t s  of t h i s  count ing 
procedure.  Fig.  S a  shows t h e  0;511 Mev peak caused by t h e  
'. i r r a d i a t e d  copper s t anda rd ,  whi le  F igu res  5b through f show 
peaks caused by unknown masses of eroded copper, The i n i t i a l  
energy s tored i n  t h e  c a p a c i t o r  bank i s  i n d i c a t e d  on each 
f i g u r e .  As can be seen ,  t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  
between t h e  peaks caused by a breakdown of' 1000 j o u l e s  and 
1200 jou le s .  The d i f f e r e n c e  caused by i n i t i a l  charges  of 
100  j o u l e s  and 400 j o u l e s  i s  s t i l l  v i s i b l e .  The apperent  
background p r o h i b i t s  t h e  Cete'ction of any mass e ros ion  
caused by an i n i t i a l  energy Lower tillan 188 jcmles. 
I 
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IV. PHENOY3MOLOGY OF 14ATERIAL EROSI0I.T 
A. P o l a r i t y  of E lec t rodes  
A f t e r  +he vacuvm breakdorsn i s  i n i t i a t e d ,  t h e  system 
condenser-bank-sgark-gap osci l la tes  i n  i t s  n a t u r a l  frequency . 
. ., 
i 
i 
f 
A t y p i c a l  trace of t h e s e  o s c i l l a t j - o n s  can be seen  i n  Fig.  14. 
Obviously a c e r t a i n  e l e c t r o d e  changes p o l a r i t y  every  few 
microseconds. The e r o s i o n  p a t t e r n s  l e f t  on t h e  e l e c t r o d e s  
. should n o t  show any s i g n i f i c a n t  d i f f e r e n c e ,  s i n c e  each elec- 
t r o d e  was anode and cathode f o r  about t h e  same l e n g t h  of 
t i m e .  The assumption made was t h a t  t h e  e ros ion  goes on a11 
t h e  t i m e .  Therefore  i f  i t  t u r n s  o u t  t h a t  t he  e r o s i o n  
p a t t e r n s  on the e l e c t r o d e s  are d i f f e r e n t ,  t h i s  assumption 
must  be wrong. A simple inspecti-on of F igures  6-10 a l r eady  
shows a a t  t h i s  is t h e  case. F igure  6 shows t h e  e r o s i o n  
p a t t e r n  on long and s h o r t  r a i l s .  There i s  no doubt  a sig- 
n i € i c a n t  d i f f e r e n c e  between amode and cathode, - _  
mentioned t h a t  t h e s e  p a t t e r n s  were formed. af ter  numerous 
I t  should he  
d ischarges ,  which i s  an i n d i c a t i o n  of t h e  r e p r o d u c i b i l i t y  of 
t h e  effect .  
F igure  7 shows r a i l s  wi th  i n s e r t s .  The i n s e r t s  of 
course  s t i m u l a t e  t h e  breakdown. A s  ccm he seen ,  t h e  i n s e r t s  
are t h e  only  p l a c e  where t h e  breakdown occurs .  Again anode 
and cathode shov d i f f e r e n t  e ros ion  p a t t e r n s .  F igure  8 
shows a p a i r  of aluminum rods .  Again, a s i g n i f i c a n t  d i f f e r -  
ence Getween anode and cathode i s  ev iden t .  F igure  9 shows a 
needle  cathocle and hollow anocle arrangement. Under t hese  
Figure 6: Anode and cathode show d i f f e r e n t  e ros ion  
pa t te rns  ( l ong  and sho r t  r a i l s ) ,  
i 
, 
Figure 7: Electrode erosion on rails 
w i t h  insert 
Side View 
End View 
Figure 8: Electrode erosion on rod type 
electrodes (aluminum). 
t 
Figure 9 :  Erosion on needle on hollow anode 
configuration 
6 3 ,  
- :  
- ,  
i 
cond i t ions  one would of course  expec t  a d i f f e r e n c e  betveen 
t h e  e r o s i o n  p a t t e r n s  of anode and cathodle. One coulcl even 
expec t  a r e c t i f y i n g  a c t i o n .  However t h i s  i s  n o t  t h e  case.  
Once the. plasna i s  formed i n  t h e  f i r s t  q u a r t e r  of t h e  c y c l e ,  
t h e  c u r r e n t  r i n g s  wi th  a damped s i n u s o i d a l  o s c i l l a t i o n  very  
much l i k e  t h e  o t h e r  conf igu ra t ions .  F igure  loa shows t h e  
anode and cathode of a p a r a l l e l  d i s k  conf igu ra t ion .  Both 
d i s k s  show e r o s i o n  p a t t e r n s ,  hut, t h e r e  i s  again an obvious 
. d i f f e r e n c e .  
B e  D i s t r i b u t i o n  of Spray 
The e ros ion  p a t t e r n  on Figure  10a i n d i c a t e s  t h a t  t he  
vacuum breakdown t ends  t o  s t a r t  a t  t h e  edges of the d isks ,  
Therefore  the  q u e s t i o n  as t o  which d i r e c t i o n  t h e  eroded 
m a t e r i a l  i s  ejectec? a r i s e s .  I f  t h e  amount of n a t e r i - a l  i s  
t o  be measured, t h e  prime concern i s  t o  be s u r e  t h a t  a l l  
t h e  e j e c t e d  m a t e r i a l  i s  recovered f o r  d e t e c t i o n .  The most 
obvious choice for  an e l e c t r o d e  conf igu ra t ion  i s  t o  use 
p a r a l l e l  d i s k s  because t h e  e lectr ic  f i e l d  i s  e s s e n t i a l l y  
honogeneous (except  f o r  t h e  reg ions  nea r  t h e  edges of  t h e  
e l e c t r o d e s )  . Therefore ,  sone t e s t i n ?  was undertaken t o  
explore ffae s u i t a b i l i t y  of p a r a l l e l  e l e c t r o 2 e s  f o r  t h e  
a n t i c i p a t e d  s tudy.  F igure  lob  shovs vhere  some of t h e  
e j e c t e d  material has  been depos i t ed  on t h e  g l a s s  wal l*  I t  
i s  very d i f f i c u l t  to,remove t h i s  Cepos i t  from t h e  g l a s s  
wal l  - even a c i d  b r i l l  n o t  remove it completely.  Obviously 
the m a t e r i a l  i s  thrown wi th  a high v e l o c i t y  t o ~ ~ a r d s  the  
wall. An a t t e n p t  t o  d i s s o l v e  the  ejected n a t e r i a l  cher.i- 
c a l l y ,  and then  m e  as ure t f i  e con c e n t r a t i o n  O f '  t h i s  m a t e r i a l  
F i g u r e  10A 
ERODED ELECTRODES 
Top: "CATHODE" 
Bot tom: "ANODE" 
F i g u r e  1OB 
EJECTED ELECTRODE 
MATERIAL ON 
CHAMBER WALL 
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i n  t h e  s o l v e n t  WOULd be hopeless .  S ince  only R few micrograms 
p e r  s h o t  are expected,  it would be impossible  t o  judge i f  all 
t h e  e j e c t e d  m a t e r k l  has  been d i s so lved .  
There e x i s t s  y e t  another  problem. If one would try t o  
recover  t h e  n a t e r i a l  f r o n  t h e  walls,  it should f i r s t  be 
e s t a b l i s h e d  t h a t  on ly  m a t e r i a l .  coming from the i n t e r e l e c t r o d e  
space ends up being  on t h e  wall. I t  is  reasonahle  t o  assune 
t h a t  all t h e  d i scha rge  even t s  aye t a k i n g  p l a c e  i n  t h e  i n t e r -  
. e l e c t r o d e  space.  HoTdever Fig.  lla an2 l l b  c l e a r l y  shows t h a t  
t h i s  i s  n o t  t h e  case. A s  t h e s e  f i g u r e s  r e v e a l ,  t h e r e  a r e  
b r i g h t  s p o t s  dur ing  t h e  d i scha rge  on t h e  e l e c t r o d e  ho lde r s .  
One can f i n d  e r o s i o n  p a t t e r n s  on t h e  s h a f t  which should corre-  
spond t o  t h e s e  b r i g h t  s p o t s .  Another i n t e r e s t i n g  p o i n t  shown 
i n  F igure  l l a  i s  t h a t  t h e  r e s i d u a l  gas t rapped  i n  t h e  thread  
of t h e  l o v e r  e l e c t r o d e  a c t s  a s  a s e u r c e  f o r  e x c i t e d  gas du r ing  
t h e  breakdown event .  The f a c t  t h a t  b r i g h t  s p o t s  and e x c i t e d  
gas .volumina cam be observed so f a r  w a y  f r c m  t h e  p a i n  break- 
down even t  sugges t s  t h a t  a t  t h e s e  p l a c e s  t h e r e  i s  s t i l l  an 
apprec i ab le  e l e c t r i c a l  f i e l d  p r e s e n t .  T h i s  can be only so i f  
t h e  v o l t a g e  drop a t  the e l e c t r o d e s  i s  ZppreciabLe. Our measure- 
nen t s  show t h a t  t h i s  v o l t a g e  drop i s  of t h e  o r d e r  of 2 r ) Q O  T I ,  
which would be s u f f i c i e n t  t o  e x p l a i n  t h e  e x i s t e n c e  of a gl0W 
d i scha rge ,  caus ing  t h e  b r i g h t  s p o t s  and e x c i t e d  gas volumina 
observed i n  Fig.  l l a ,  and l l b .  
From Figure 10b it i s  apparent  t h a t  t h e  m a t e r i a l  i s  
e j e c t e d  i n t o  a p r e f e r r e d  d i r e c t i o n .  This  occurs  i n  s p i t e  of 
t h e  c y l i n d r i c a l  geometry 'of t h e  assembly. F igs .  12a, 12h 
I 
F i g u r e  11A 
PART I C 1 PAT I ON OF RES I DUAL 
GAS I N  VACUUM BREAKDOWN 
F i g u r e  1 1 B  
BRIGHT SPOTS ON ELECTRODE 
HOLDERS AND SHAFTS 
F i g u r e  12B 
VACUUM BREAKDOWN OF 
COPPER ELECTRODES 
F i g u r e  128 
MATERlAL EJECTION 
FROM COPPER ELECTRODES 
e x p l a i n  why t h i s  i s  so. The vacuum breakdown starts on t h e  
edge of t h e  d i s k  a t  an a r b i t r a r y  p o i n t  where the f i e l d  
s t r e n g t h  i s  h i g h e s t '  due t o  s u r f a c e  imperfec t ions .  
t h e  first breakdown has  taken  p l a c e ,  an e r o s i o n  p a t t e r n  is  
A f t e r  
a l r eady  formed. The next  breakclown i s ' l i k e l y  t o  occur  a t  
t h e  same spo t .  
Needless t o  s a y ,  t h e  c y l i n d r i c a l  geometry of t h e  
assembly i s  of no consequence under t h e s e  circumstances, 
The  -J x B forces w i l l  force t h e  material o u t  of t h e  assembly * +  
intb;cLks; d i r e c t i o n ,  which i s  a c o n t i n u a t i o n  of t h e  l i n e  break- 
.. . 
I 
i 
r 
down s p o t  - c e n t e r  l i n e  of e l e c t r o d e  hold.er. Therefore  t h i s  
assembly w i l l  perform i n  a s in i l a r  manner t o  t h a t  of a r a i l  
accelerator, wi th  t h e  breakdown occur r ing  on the t i p s  of  t h e  
r a i l s .  Hence t h e  obvious conclusion t o  be d r a m  from these 
cons ide ra t ions  was t o  use  such a r a i l  accelerator confLgura- 
t i o n  t o  begin with.  Fig. 1 3 ~ h o ~ s  such a device  i n  ope ra t ion .  
Fig.  13a has  t h e  mater ia l -ga ther ing- tube  removed f o r  demon- 
s t r a t i o n  o f  t h e  mater ia l  e j e c t i o n .  I n  Fig.  1313 t h e  tube i s  
-_ 
shown i n  i t s  r e g u l a r  p o s i t i o n .  
C. The Fate of f la ter ia l  During Breakclown 
The q u e s t i o n ,  "What happens t o  t h e  nater ia l  a f t e r  i t  i s  
released from t h e  e l e c t r o d e s ? "  , i s  of  prime i n t e r e ' s t .  ?here 
are several reasons  f o r  t h i s  concern: 
1) The answer y i l l  a i d  i n  des ign ikg  a s u i t a b l e  
mater ia l -gather ing-device . 
2 )  UndouStedly, t h e  informat ion  w i l l  a i d  i n  t h e  Cnf!er- 
s t and ing  o f  t h e  release mechanism. 
I 
Figure 13: Material collection with test tube. 
In upper picture, the test tube was 
lifted to allow undestorted photograph 
of breakdown event, Lower picture 
shows test tube in regular position. 
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3 )  F i n a l l y ,  in format ion  w i l l  be  obta ined  which may be 
u s e f u l  i n  t h e  des ign  concept of propuls ion  devices  
such a s ,  t h e  q u a n t i t y ,  v e l o c i t y  and d i r e c t i o n  of 
t h e  e j e c t e d  mass. 
I n  o r d e r  t o  exp lo re  the f a t e  of t h e  m a t e r i a l  d-uring t h e  
h r e  akdown event  e x t e n s i v e  photographic  o h e r v a  t i o n s  were 
made, For t h i s  purpose an image conve r t e r  camera was used, 
Exposure t i m e s  as low as 20 nanosec. and t i m e  i n t e r v a l s  
between exposures a s  low as 109 nanosec. were t y p i c a l .  
F igu re  14 shows t h e  method by which t h e  time when t h e  
p i c t u r e  was taken v a s  recorded i n  r e s p e c t  t o  t h e  c u r r e n t  
trace of t h e  d ischarge .  The canera was capable  of t c k i n g  
t h r e e  consecut ive  p i c t u r e s  of t h e  same even t  Therefore , 
sequences con ta in ing  more than 3 p i c t u r e s  were assen5led 
from d i f f e r e n t  breakdowns. Great  care was taken t o  select  
r ep roduc ib le  even t s  . This was e s t a b l i s h e d  by t a k i n g  expo- 
s u r e s  a t  i d e n t i c a l  timss of breakdov~ns occur r ing  a t  the  same 
breakdown v o l t a g e s  . S i n c e  the breakdown v o l t a g e  pay very 
-_ 
well d i f f e r  by 1 0 0 %  from one d ischarge  t o  another ,  even under 
.... i 
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i d e n t i c a l  c o n d i t i o n s ,  a l a r g e  a rount  of d a t a  vas  r equ i r ed  i n  
o rde r  t o  be able t o  assemble w h a t  i s  p resen ted  i n  F igures  
16-22. 
Figure 15  shows t h r e e  s h o r t  tjxe exposurcsof a rod con- 
f i g u r a t i o n .  The e j e c t i o n  of t h e  m a t e r i a l  seems t o  he  omni- 
d i r e c t i o n a l .  However t h e  r e p r o d u c i b i l i t y  o f  s h o t s  i n  t h i s  
c o n f i g u r a t i o n  i s  extremely poor. Therefore ,  it was decided 
t o  ' u se  p a r a l l e l  r a i l  conf igu ra t ions  f o r  f u r t h e r  s t u d i e s .  
. .  
i 
i 
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Figure 14: Lower t race:  Current t r a c e  o f  
vacuum breakdown e 
Upper t race:  Spikes mark i n s t a n t  
when sho r t  t ime photograph i s  
taken, 
i 
Sketch 
Y-- 
IMAGE CONVERTER CAMERA PHOTOGRAPH 
OF VACUUM BREAKDOWN 
(A1 umi  num Rods) 
Figure 15 
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Figure  16 shows a t i m e  exposure of a 
conf igu ra t ion  wi th  i n s e r t s  The exposure 
r a i l  accelerator 
covers one dis-  
charge only.  However, it covers  t h e  t ho le  d ischarqe .  L igh t  
i s  e m i t t e d  from t h e  d i scha rge  fo r  approximately 1 0 0  psec. 
Nost of t h e  r a d i a t i o n  however, i s  emi t ted  dur ing  t h e  f i r s t  
1 0  p s e c .  Therefore  the exposure time for Figure 1 6  i s  f o r  
all p r a c t i c a l  purposes only  10 usec. The m o s t  i n t e r e s t i n g  
f e a t u r e s  of  F igure  1 6  are Lle glowing shea ths  around t h e  
, e l e c t r o d e s .  This  i s  obviously t h e  l o c a t i o n  where t h e  h i g h e s t  
concen t r a t ion  of  e x c i t e d  eroded n a t e r i a l  can be found. I n  
o r d e r  to o b t a i n  a bet ter  understanding of t h e  release 
mechanisn, oSviously a s i g n i f i c a n t  irprovement i n  t h e  
time r e s o l u t i o n  was requi red .  For t h i s  purpose an image 
c o n v e r t e r  camera was used. F igure  19 shows a s e t  o€ expo- 
i 
. .  
i 
_ r  
s u r e s  wi th  exposure t i m e s  of 1 0  nanosec. The spacing 
between t h e  s h o t s  i s  LOO nanosec. f o r  Par t  1-6, 200 nanoseco 
f o r , P a r t  7-9. For t h e  sake of p r e s e n t i n g  t h e  material i n  an 
unambiguous manner, each exposure is shawn i n  F i g ,  18 w i t h  
-_ 
t h e  o u t l i n e s  of t h e  e l e c t r o d e s  drawn i n .  tJeed1ess t o  say ,  
one t ~ o u l d  n o t  expec t  t o  see an im-age of t h e  e l e c t r o d e s  with 
only a 10 nanosec. exposure time, s i n c e  t h e  e l e c t r o d e s  are 
n o t  self-luminous.  Only extremely b r i g h t  o b j e c t s  can be 
photographed wi th  t h i s  s h o r t  exFosure t i m e .  Pip. 18, p a r t s  
1, 2 ,  and 3 show the, m a t e r i a l  release grid forrration of  tine 
i n t e r e l e c t r o d e  plasma. Fig.  1 8 ,  p a r t s  4 through 9 show t h e  
f a t e  'of t h e  plasna once it i s  formed. 
End View Side View 
TlME EXPOSURE PHOTOGRAPH OF VACUUM BREAKDOWN 
AND PEASMA ACCELERATION 
O,25" Brass R a i l s  w i t h  0.098'' Aluminum Inser ts  
F igure  16 
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F igure  17: Chronologic sequence of  short  
t ime exposures of breakdown 
between s t r a i g h t  s a i l s  w i t h  i n s e r t ,  
2 
F i g u r e  18: Short  t ime exposures shown i n  
figure 17 w i t h  e lect rodes drawn in. 
i 
5 
F i g u r e  18A 
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Figure  188 
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A s  po in ted  o u t  b e f o r e ,  the  breakdown i s  i n i t i a t e d  by 
one or  more e l e c t r o n  beams, a c c e l e r a t e d  hy' t h e  f ie lc?  applie8. 
betveen t h e  ' e l ec t rodes .  The source  of t h e  e l e c t r o n s  are 
s u r f k e  imper fec t ions  (wh i ske r s ) .  I t  i s  be l i eved  t h a t  t h e s e  
whiskers  a r e  hea ted  by t h e  f i e l d  emission c u r r e n t  and f i n a l l y  
m e l t  and vapor ize ,  thus  c o n t r i b u t i n g  t o  some of Lle r e l e a s e d  
m a t e r i a l .  The bulk of t h e  m a t e r i a l  which i s  r e l e a s e d  stems 
from t h e  oppos i t e  e lectrocte ,  t h e  anode, which i s  bombarded 
by t h e  e l e c t r o n  beam. Therefore  one ~ 7 0 ~ 1 ~ 1  expec t  t o  see 
s h e a t h s  around both  e l e c t r o d e s  , dur ing  t h e  formatj-on phase 
of t t le plasma, which i s  v i s i b l e  i n  p a r t s  1 and 2 of F igure  
18. The plasma has  been formed i n  p a r t  3 and. s t a r t s  t o  move 
i n  parts 4, 5 anc? 6.  I t  can be seen t h a t  t he  a m d e  sheat.? 
t r a v e l s  wLth a h i g h e r  speed than does t h e  cathode sheat!!. 
Obviously t h e  cathode s p o t  i s  vel1 anchored t o  t h e  now 
hea ted  s p o t  of the o r i g i n a l  breakdown. A novement of t h e  
cathode s p o t  would e i t h e r  nean migration of h e a t ,  which i s  
n o t  p o s s i b l e  a t  t lese v e l o c i t i e s ,  o r  t h a t  t h e  o r i g i n a l  s p o t  
1 i s  n o t  capable  of e m i t t i n g  all t h e  r equ i r ed  e l e c t r o n s .  
The anode s p o t  moves r a t h e r  f r e e l y ,  s ince i t  i s  cont inu-  
'ously formed by t h e  impinging e l e c t r o n  beams. The e l e c t r o n  
beam g e t s  swept a long a t  one end of t h e  anode r a i l  by t h e  j x B 
3 +  
f o r c e s ,  whi le  be ing  anchored on the o f n e r  end a t  the cathode 
spot. Therefore ,  t h i s  i s  n o t  a t r u e  a c c e l e r a t i o n  of m a t e r i a l .  
I t  i s  formed j u s t  where i t  appears  i n  p a r t  5 and 6 of Figure 18. 
A f t e r  t h i s  has  happened, t h e  i n t e r e l e c t r o d e  space is f i l l e d  w i t h  
a s u f f i c i e n t  amount of plasma and the plasma takes  over  t h e  
80. 
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conduction of t h e  c u r r e n t  which then  s t a r t s  a t r u e  plasma 
a c c e l e r a t i o n .  I n  t h e  o r i g i n a l  nega t ive  of F i g .  1 8  p a r t  7 ,  
even a s m a l l  plasma focus can be seen. Subsequently t h e  
plasma i s  e j e c t e d  wi th  hicjh speecls ( p a r t  8)  . 
S i m i l a r  s t u d i e s  were made with S e n t  r a i l s .  F igu res  
1 9  and 20 show t i m e  exposure of t h i s  r a i l  conf igu ra t ion .  
The same cornments apply as i n  Fig.  1 6 .  Fig.  2 1  shows a 
set of s h o r t  t i m e  exposures.   he exposure t i m e  i s  10 
nanosec. The spac ing  between frcmes i s  1 0 0  nanosec. f o r  
p a r t  1-6,  200  nanosec. f o r  p a r t  -12 .  I n  F igure  2 2  t h e  
o u t l i n e s  of t h e  e l e c t r o d e s  are aga in  d r a m  i n .  
I n  t h i s  c o n f i g u r a t i o n  about  the same events  t a k e  
p l a c e  as i n  t he  r a i l  conf igu ra t ion  w i t h  i n s e r t s .  Now, 
however, as a consequence of the n i s s i n g  i n s e r t s ,  t h e  
cathode s 2 o t  i s  n e i t h e r  well defineci no r  w e l l  anchord, ,  
The anocie s p o t  f i r s t  becomes v i s i b l e  i n  p a r t  4 of Figure  
22, I t  is b e t t e r  developed i n  p a r t s  5 - -  an6 6 ,  and starts 
t o  move towards t h e  t i p  of t h e  r a i l  i n  p a r t  7. This i s  
t h e  p o i n t  i n  t i m e  when t h e  plasma takes over  t h e  c u r r e n t  
conduction and a plasma a c c e l e r a t i o n  takes p lace .  I n  p a r t  
8 t h e  plasma thrown t o  t h e  side i s  alreac?y v i s i b l e .  I n  
t h e  subsequent  p a r t s  of F igure  22  t h e  i n t e n s i t y  OE t h e  
e j e c t e d  r?,aterial i n c r e a s e s .  S ince  t h e  material  i s  mul t ip ly  
ion ized ,  the bulk  oE . the  r a d i a t i o n  emi t ted  i s  below the c u t  
o f f  frequency of Lhe image conve r t e r  car?era (3600  A ) ,  There- 
0 
fore when t h e  m a t e r i a l  s tar ts  t o  recombine, t hus  reducing 
the. i o n i z a t i o n  degree ,  t h e  major ?art of t ? e  racl ia t ion i s  
i 
TIME EXPOSURE OF VACUUH BREAKDOWN 
Aluminum rails - 0,098” o,d. 
Figure 19 
4 
! 
Figure 20: Time exposure of -copper rails 
side on and end on. 
4 -  
I i 
Bv; 
.- 
c
 
w
 .- m 
U
L
 
I
 
o
w
 
X
Q
)
 
In
>
 
I
 
y
.
7
 
o
v
 
Figure 22: Short time exposures shown i n  
figure 21 w i t h  electrodes drawn i n ,  
, 
F igu re  22A 
, 
F i g u r e  228 
, 
I 
Figure  22C 
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s h i f t e d  i n t o  a s p e c t r a l  r eg ion  which can be d e t e c t e d  by t h e  
I is  overexposed. 
image conver t e r  camera. The dark l i n e s  vh ich  can he  seen Fn 
p a r t  8-12 a r e  n o t  r e a l .  They are shadows of t h r e e  grid 
wires i n  t h e  image conve r t e r  t u b e .  Theympear  when t h e  tube 
3 
. .P 
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v. RESULTS 
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A. Rn,sidual Gas Analysis  
Xn order t o  cleteqmine t h e  coq3os i t ion  of t h z  r e s i d u a l  
gas i n  thP vacuum chanber and the p a r t i a l  p r e s s u r e s  of each 
c o n s t i t u e n t  a Quadrupole Residual  G a s  Analyzar was a t t a c h e d  
t o  thle a u x i l i a r y  p o r t .  Residual  gas  d a t a  were obta ined  for  
vacua between 5 s LO T ~ S  primary 
r e s i d u a l  qases  a t  5 x LOo8 Torr  were water  vapor,  n i t r o g e n  and 
carbon d ioxide  - masses 1 8 ,  2 8 ,  and 4 4  amu, r e s p e c t i v e l y .  It  
i s  noteworthy t h a t  t h e r e  was no evidence of hydrocarbon vapor . 
-5 T o r r  and 4 x IO-' Torr .  
Heating t h e  sys t em reduced t h e  water  vapor component. 
The lowest vacuum ob ta ined  f o r  t h e  system was about 2.7 x 
10" Torr .  All of t h e  m a t e r i a l  release tests made wi th  t h e  
device  w e r e  shots a t  1 x Torr  o r  lower. ?.lost were a t  
vacua of 5 x loe7 or  less and many beloT~? 1 x l f 7  Torr .  
A reinarkable phenomenon, occur ing  w i t h  the vacuum break- 
-_ 
dovm, i s  a t r a n s i e n t  s y s t e m  p r e s s u r e  inc rease .  The e f f e c t  can 
be q u i t e  extreme because a l a r g e  p r e s s u r e  i n c r e a s e  can cause 
t h e  i o n  pun," t o  have a glow discharge .  The l a t t e r  causes  an 
i o n  pump c u r r e n t  overload and t h e  pum? will a u t o n a t i c a l l y  s h u t  
o f f .  Not every shot caused an ion  punp glow discharg?  and 
many t ines  t h e  maximum Fres su re  was recorded by reading  t h e  
ion  pump c u r r e n t  inmezia te ly  a f t e r  th?e >shot. A high degree 
of c o r r e l a t i o n  was found b3tveen s t o r e d  enargy ( l i b e r a t e d  
dur ing  the s h o t )  and t h e  t r a n s i e n t  n rc s su re .  EIigh eiiergy 
s h o t s  always caused a g lov  d i scns rge .  
. 90. 
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T h e  t r a n s i e n t  i n  p re s su re  may be due t o  r e l e a s e  of adsorbed 
or  absorbed gas  froia t h e  e k c t r o d a s  o r  t h e  e l cc t rde  holder .  
An i n c r e a s e  from 1 0  
i n  d e n s i t y  corresponding t o  a release of about 5 micrograms 
of a i r .  
-7 Torr  t o  l f 3  Torr would imply an i n c r e a s e  
Attempts were made us ing  the Quadrupole Residual  G a s  
Analyzer t o  analyze t h e  t r a n s i e n t  p r e s s u r e  i n c r e a s e ,  A sgec- 
trum was t aken  b e f o r e  and a f t e r  t h e  s h o t .  The r e s u l t s  tended 
t o  i n d i c a t e  a rise i n  n i t r o g e n  and water  vapor p re s su re .  The 
f i n d i n g  of 5 n i c roy rans  a s  be ing  absorbed t o  t h e  e l e c t r o d e  
s u r f a c e  does n o t  seem t o  bs unreasonable.  However one has  t o  
cons ide r  t h a t  t h e  r e l e a s e d  copper masses are i n  t h e  same ordzr 
of magnitude. Therefore  the r e l e a s e d  r e s i d u a l  gas masses 
could play c e r t a i n l y  an equal  impor tan t  r o l e  f o r  formation of 
t h e  plasma. The f a c t  t h a t  t h e  absorbed r e s i d u a l  gas a t o m  
p a r t i c i p a t e  i n  the d ischarge  has  been shown a l ready  i n  f i g u r e s  
l l a  and l l b .  L a t e r  on it w i l l  be shown t h a t  the,se gas atoms 
-_ 
do n o t  c o n s t i t u t e  an apprec i ab le  f r a c t i o n  of t h e  i n t e r e l e c t r o d e  
plasma. T h e  conclusion t h e r e f o r e  i s  t h a t  t h e  r e s i d u a l  gas  
atoms which a r e  r e l e a s e d  from the  e l e c t r o d a s  i n t o  the i n t e r -  
e l e c t r o d e  space ,  are released by h e a t  caused by t h e  e l e c t r o n  
beam bombarding t h e  anode and by t h a  h e a t  caused Sy the f i e l d  
emission c u r r e n t  a t  t h e  cathode. The17 are released and. escape 
before  any meta l  r e l z a s e  i s  done. The  me ta l  has  t o  be molten 
and vaporized be fo re  it can be r e l e a s e d  which r e q u i r e s  rnore 
h e a t i n g  and t h e r e f o r e  longer  t i m e  t han  t h e  r e l e a s e  of absorbed 
gas a lone .  
91. 
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B ,  Spec t roscopic  AnaPjsis 
The l i g h t  er?.itted by t h e  vacuun hrealcdov.rn i s  i n t e n s e  
enough t o  allow a s p e c t r o s c o p i c  ana lys i s .  
The main p o i n t s  of i n t e r e s t  are t o  detemj-ne what 
elements p a r t i c i p a t e  i n  t h e  vacumi breakdown an2 i n  what 
i o n i z a t i o n  s t a g e  they  are p resen t .  Determination of tempera- 
t u r e  V70Uld assume loca l  therrnoclynamic e q u i l i h r i u n .  I t  i s  n o t  
very l i k e l y  t h a t  LTE e x i s t s .  Tf;e l i n e s  w X c h  could he de- 
' t e c t e d  are suimarized i n  Table 2 and 3 .  
Table 2 l is ts  t h e  observed l i n e s  f o r  aluminum elec- 
trodes.  The f i rs t  i o n i z a t i o n ' p o t e n t i a l  of aluminum i s  
5.984 Volt and t h e  second! i o n i z a t i o n  p o t e n t i a l  i s  18 .23  
V o l t .  The thi-rcl i o n i z a t i o n  p o t e n t i a l  V 7 0 u l d  be 2 8 . 4 4  Volt .  
However, only very few p a r t i c l e s  must have ohtaj.nec? the 
l a t t e r  e n e r g i e s  s i n c e  t h e  A1 117 l i n e s  w2re too  vre&: t o  he 
d t ec t ed .  
I n  case of LTE was e s t a b l i s h e d ,  j-t'would r e q u i r e  about 
4500Q OK t o  g e n e r a t e  a plasma which would e m i t  nostly A1 I11 
l i n e s .  
Table 3 surmarizes  t h e  r e s u l t s  with copper e l e c t r o i k s ,  
A)\ observed. l i n e s  were Cu I1 l i n e s .  The f i r s t  i o n i z a t i o n  
p o t e n t i a l  i s  7 .724  volts, t h e  second i s  2 0 . 2 3  Volts an2 t h e  
third i s  3 6 . 8 3  V o l t s .  The f a c t  t h a t  n a  CU I I Z l i n e s  could 
he observec! i s  i n c i d e n t a l .  The known Cu I11 l i n e s  are i n  a 
s p e c t r a l  reg ion ,  which could n o t  he covcred i r i t ' n  o u r  equip- 
ment. I n  view of t h e  snall d i f f e r e n c e  i n  i o n i z a t i o n  enerrjj-es 
between copper and. aluminum and i n  v i e ~ r  of t h e  f a c t  t h a t  no 
. 92.  
TABLE 2 
MEASURED ALUMINUM ELECTRODE SPECTRA 
E 
A 1  I1 
A1 111 
0 
Wavelength A Reference Data. 
3586 .55  - 3587.44"  ( 9 6 )  
4666  . 8 
5 5 9 3  . 2 3  
3601.623* 
3601 .916"  
3612 .352  
3702 .086  
3 7 1 3 . 1 0 3  
I 
4149  . 897" 
4149 . 917" 
4150 . 1 3  8" 
4479 . 891* 
4479.968"  
4150 1 3  8* 
4479 . 891" 
4479.9G8* 
4512 .535  
4 5 2 s .  911"  
4529.176"  
5 6 9 6 . 4 7  
5 7 2 2 . 6 5  
( 9 7 )  
* Two o r  more l i n e s  smeared t oge the r  
93 * 
Sgecies 
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TABLE 3 
MEASURED COPPER ELECTRODE SPECTRA 
0 
Wavelength A Reference Data _. 
' 6  
4043.50" 
4043.75* 
5700.24 
6154.24 
d 
6188.69 
6216.91" 
6291.82* 
6273.33 
6300.99 
6311.29* 
6312.83" 
* Two o r  more lines smeared. together 
* 9 4 .  
I 
Cu I l i n e s  could be observed, it is s a f e  t o  sa17 t h a t  t h e  
copper and t h e  aluminum a r e  i n  about t h e  same stacre of 
i o n i z a t i o n  and e x c i t a t i o n .  
I t  i s  a l so  noteworthy t h a t  no r e s i d u a l  gas l i n e s  are 
de tec t ed .  The r e s i d u a l  gas  j-s only a trace c o n s t i t u e n t  
i n  t h e  breakdown plasma. 
C. Voltage Drop Across t h e  Discharcp 
Some i n s i g h t  i n  t h e  d i scha rge  mechanism can be gained 
hy measuring t h e  r e s i s t i v e  vo l t age  drop ac ross  t h e  Zischarcje. 
I n  the case of an arc ,  one v7ou1d expec t  a few t e n t h s  of v o l t s ;  
i f  t h e  v o l t a g e  drop i s  i n  t h e  thousands of v o l t s  one woulc? 
tend to c l a s s i f y  i t  as a spark.  From t h e  r e s i s t i ve  v o l t a g e  
drop and t h e  c u r r e n t ,  t h e  power can be obtained,l-:16* S i n c e  
t h e  d u r a t i o n  of the d i scha rge  is known,that p a r t  of energy 
i n p u t  i n t o  t h e  plasma which is used f o r  ohmic h e a t i n g  can be 
obta ined;  This  energy i s  used up by release of material  
from t h e  e l e c t r o d e s ,  by h e a t  conduction a t  t h e  electrodes 
and by r a d i a t i o n .  
The measurement of t he  v o l t a g e  drop ac ross  t h e  d i scha rge  
was made with a h igh  vo l t age  probe ( c a p a c i t i v e  v o l t a g e  
d i v i d e r )  a t t ached  d i r e c t l y  t o  each electrode. The r e s u l t  i s  
shown i n  t h e  upper t r a c e  of Fig.  25. The lovier trace is t h e  
d i scharge  c u r r e n t  on. t h e  same t i m e  hase .  
The upper trace shows t h e  combined r e s i s t i v e  an3 induc- 
t i v e  vo l t age  drop across t h e  electrode gap: 
, 
I 
c 
3 
T i m e ,  (Microseconds) 
F i g .  2 3  Voltage a c r o s s  vacuum breakdown 
d ischarge  
a, 10 20 30 40 50 rr: 
T i m e ,  (Microseconds) 
Fig. 24  Res is tance  of vacuum breakdown 
discharge  
Fig. 25 [Tpper t race:  voltage across 
vacuur I-,rea!;cq.!n:m clap 
36  0 
I 
(30) dI U = I R + L * - -  d t  
In o r d e r  t o  measure t h e  res i s t ive  v o l t a g e  drop IR a lone ,  
p o i n t s  of time have to be s e l e c t e d  where - 0. This  i s  
t h e  case where t t e  c u r r e n t  has  an extreme value.  
CiI - 
UL 
The resist ive v o l t a g e  drop i s  i n  phase with t h e  
c u r r e n t ,  whi le  t h e  i n d u c t i v e  vo l t age  drop i s  o u t  of phase 
by n /2 .  
.of both ,  A t  t h e  extreme values  of the c u r r e n t  an inciica- 
The upper trace of Fig. .  25 i s  a superfksJ%?-on- 
t i o n  of an in t e rmed ia t e  maximum a t  t h e  upper trace can be 
seen. 
F igu re  2 3  shows the r e s u l t  of t h i s  measurement f o r  a 
t y p i c a l  vacuum breakdown., (breakdown v o l t a g e  12KV, storecl 
energy 324 j o u l e s ,  maximum clischazge c u r r e n t  28.4 Kiloamps) . 
The abso lu te  va lue  of t h e  res i s t ive  v o l t a g e  drop i s  p l o t t e d  
versus  t i m e ,  for t i m e s  vhen - - 0. The dotted- l i n e  i n & - -  d t  
cate,s an exponen t i a l  decay of L\e v o l t a g e  appearing on t h e  
d ischarge .  
._ 
The decay has  about  t h e  same t i m e  cons t an t  as 
t h e  decay of t h e  maximum c u r r e n t  which r e s u l t s  i n  a c o n s t a n t  
i 
I 
r e s i s t a n c e ,  wit-hin t h e  error  of measurement. The resist'mce 
i n  ohms i s  p l o t t e d  ve r sus  time i n  F igure  24 .  
D. E la te r ia l  Release: Aluminum Elec t rodes  
Pre l iminary  measurements were made wi th  aluminurr! elec- 
t rodes .  The electrodes were 9 8  m i l  d imeter  99.99% pure 
aluminum wire rounded a t  t h e  t i p s .  The r a i l s  were b e n t  so 
t h a t  t h e  t i p s  w e r e  i n  c l o s e r  proximity than o t h e r  p o r t i o n s  Gf 
ffie wire and consequently breakdo.17n occurred  t h e r e .  
Some q u a l i t a t i v e  informat ion  was ob ta ined  wi thou t  a 
vapor c a t c h e r  i n  p l ace .  The r e s u l t  was t h a t  a t h i n  l a y e r  v7as 
depos i ted  on t h e  g l a s s  wa l l .  It v7as mi r ro r - l i ke  and s i m i l a r  
t o  t hose  shown i n  F igure  lob.  T h e  s t o r e d  energy vas 400 
j o u l e s ,  O t h e r  s h o t s ,  a t  400  j o u l e s  and a t  6 2 5 ,  r e s u l t e d  i n  
d e p o s i t s  of d r o p l e t s  on t h e  g l a s s  chartdDer. These d r o p l e t s  
obviously s t r u c k  the g lass  i n  a molten s t a t e  and f r o z e  on 
t h e  g l a s s  s u r f a c e .  The d r o p l e t s  w e r e  about  1 / 4  t o  1 / 2  m i l l i -  
meter i n  diameter .  The n1os.I; impressive f a c t  was concerned 
with t h e  l o c a t i o n  of tilie d e p o s i t s .  Almost all were on t h e  
s i g h t  g l a s s  p l a t e s  v7hich c l o s e  each en6 of  t h e  clianSer. A t  
one end i s  a p o r t  27  inches  away. Goth were spr inkled.  wi th  
A1 d r o p l e t s .  S t r e a k s  could also be seen on t h e  g l a s s  tee 
from d r o p l e t s  s t r i k i n g  a t  g l anc ing  ang le s .  Wit25 t h e  pre-  
cedin9 d a t a  it is  p o s s i b l e  t o  Zetermine t h e  t r a j e c t o r y  of 
t h e  molten d r o p l e t s  and hypothes ize  t h e i r  o r i g i n .  ?77hat n u s t  
occur  i s  that  t h e  metal s u r f a c e  of t h e  e l e c t r o d e  m e l t s  ex- 
p l o s i v e l y  so  t h a t  b lobs  of molten aluminur, a r e  e j e c t e d  per- 
pend icu la r ly  from t h e  s u r f a c e .  The d r o p l e t s  fol low a 
t r a j e c t o r y  t h a t  i s  w i t h i n  t h e  bou,nds of a narrow cone. T h e  
t i p s  of each e l e c t r o d e  p o i n t  toward eac5  o t h e r  and toward a 
sight glass end p l a t e ,  s o  t h e  t r a j e c t o r y  i s  toward each enc? 
p l a t e .  I n  view of t h e  f a c t  t h a t  e n t i r e  d r o p l e t s  a r e  e j e c t e d ,  
aluminum c e r t a i n l y  i s  n o t  a good e l e c t r o d e  m a t e r i a l  t o  stuc?y) 
&pica1  m a s s  eroded i s  G5 micrograms). 
* 9 8 .  
E,  Material Release; Copper E lec t rodes  
Copper e l e c t r o d e s  vere i n v e s t i g a t e d  us ing  0.100 i nch  
diameter  ro6s b e n t  t o  approximately t h e  sane  shape as t3e 
p rev ious ly  desc r ibed  aluminum e l e c t r o d e s .  Two gra6,es. of 
copper were used; commercial copper which i s  presumed t o  
be 99 .9% pure ,  and 99,9998 high  p u r i t y  copper. The l a t t e r  
e l e c t r o d e s  were turnec? on a lathe from 5 nm diameter  rod. 
F igures  26 and 27  show t h e  r e s u x t s  of the m a t e r i a l  release 
. /  
measurement f o r  copper e l e c t r o d e s .  I n  t h i s  conf igu ra t ion  
t h e  e l e c t r o d e s  were b e n t  cturing t h e  ctischarge i f  t h e  stored 
energy was i n  excess  of 600  joulcs.The scatter of t h e  p o i n t s  
i s  r a t h e r  s u b s t a n t i a l .  FIowever the  d i f f e r e n c e  i n  mass ero- 
s i o n  between b e n t  and unbent e l e c t r o d e s  i s  clearly v i s i b l e .  
The ra te  of material  e r o s i o n  is h ighe r  for t h e  unbent elec- 
t r o d e s ,  v7here a l l  t h e  energy v7as a v a i l z b l e  f o r  e r o s i o n ,  as 
compared with t h e  r a t e  of m a t e r i a l  e r o s i o n  of b e n t  e l e c t r o d e s  
where some of t h e  energy vias used t o  bend t h e  e l e c t r o d e s ,  
Since the bending can n o t  be expected t o  he very  reproducib le ,  
t h e  p o i n t s  a long  t h e  l i n e  f o r  t h e  b e n t  e l e c t r o d e s  a r e  more 
widely scattered t h a n  t h e  ones along the l i n e  for unbent 
e l e c t r o d e s .  
F igure  26 was a ve ry  u s e f u l  r e s u l t ,  I t  forced  u s  t o  
improve t h e  electrode des ign  s o  t h a t  no Sending could occur.  
The a b s o l u t e  va lue  o’f t h e  eroded mass appeared t o  be too 
high.  This  f a c t  was a t t r i b u t e d  no t  t o  the  d ischarge ,  h u t  t o  
t h e  count ing technique of t h e  a c t i v a t i o n  a n a l y s i s .  
. .  . .  . 
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Figure  2 7  shov7s a d i f f e r e n t  p r e s e n t a t i o n  of t h e  same 
data.  H e r e  t h e  m a s s  r e l e a s e d  per u n i t  of energy is p l o t t e d  
ve r sus  t h e  t o t a l  energy. I t  took a very  s u b s t a n t i a l  clevelop- 
ment e f f o r t  t o  come up wiLl a count ing procedure which proved 
s a t i s f a c t o r y  t o  us.  One has  td cons ick r  t h a t  t h e  a t t empt  i s  
be ing  made t o  measure extremely sma l l  nasses. The r equ i r ed  
p r e c i s s i o n  i s  b e t t e r  than  2 pgm I n  F igure  26 t h e  va lues  
scatter i n  a way which i n d i c a t e s  an error  of 20 pg. The 
:aforementioned development e f f o r t  hac1 t o  r e s u l t  i n  an 
i n c r e a s e  in p r e c i s s i o n  by a f a c t o r  of 10. This was done and 
t h e  r e s u l t i n g  procedure i s  descr ibed  i n  s e c t i o n  111, 
"Mcasurenent Techniques" . 
The f i n a l  r e s u l t  of t h e  material  release tests are pre-  
s en ted  i n  F igure  29, I t  g ives  t h e  mass r e l e a s e d  p e r  dis-  
charge as a f u n c t i o n  of t h e  s t o r e d  energy i n  t h e  c a p a c i t o r  
bank. We would l i k e  t o  p o i n t  or?t t h a t  a f t e r  each s h o t  t h e  
t e s t  tube  has  t o  be removed and analyzed. 
be pumper2 dot~n again.  The whole procedure r e q u i r e s  aSout 2 
days p e r  d a t a  p o i n t  i f  no problems were encountered. Soms- 
t i K e s  it took longe r ,  e.g. , more than a week t o  co l lec t  one 
d a t a  po in t .  Therefore  t h e  d a t a  were t c k e n  over an extended 
t ine  i n t e r v a l .  The f a c t  t h a t  h l e y  are reproducib le  and 
The device  has  t o  
scatter nov very  l i t t l e  sugges t s  t h a t  a- r e l i ab le  measurement 
procedure has  been developed and t h e  der ived  d a t a  are r e l i a h l e .  
4 
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VI. CONCLUSIONS 
! 
! 
. . .  
? 
i 
1. The r e l e a s e d  e l e c t r o d e  material forms a h i g h l y  i o n i z e 5  
plasma which i s  t h e  medium provid ing  t h e  c u r r e n t  
t r a n s p o r t .  Residual  gas atom do n o t  p a r t i c i p a t e  i n  t h e  
plasma t o  a s i g n i f i c a n t  e s t e n t .  
2.  There i s  a th re sho ld  energy r equ i r ed  fo r  material  
release (300 j o u l e s  €or 01-12 c o n f i g u r a t i o n ) .  Only for 
vacuum breakdowns, loading  the  e l e c t r o d e  with a l a r g e r  
energy than  15 joules/mm2 a detectable mateFial  e ros ion  
t a k e s  p l a c e .  
3 .  The .material e r o s i o n  f o r  copper can be  p r e d i c t e d  by 
t h e  equat ion  
i ... ' 
i 
K ( E  -amo) 
ctA 
14 = 
M : 
Eo: 15 Joules/mni 
E : t o t a l  energy s t o r e d  i n  c a p a c i t o r  hank i n  j o u l e s  
eroded mass i n  micrograms 1 p e r  m2 e l e c t r o d e  a r e a  
- 2 
K : 0.30 microgram/joule 
a : r a t i o  between maximum t o t a l  v o l t a g e  drop and maxi,- 
mum r e s i s t i v e  v o l t a g e  drop a t  t h e  breakdown gap 
( i n  o u r  c o n f i g u r a t i o n  2 .0 )  
A : active e l e c t r o d e  area a t  t h e  anode ( i n  our case 
2 10 MI?. ) . 
1 0 4 .  
J 
4. M a t e r i a l  i s  r e l e a s e d  from both e l e c t r o d e s .  The l a r g e r  
p a r t  of it is  r e l e a s e d  from the anode. 
5. Esst of LIZ material i s  r e l e a s e d  d-iuring t h e  f i r s t  h a l f  wave 
of the c u r r e n t  o s c i l l a t i o n .  
6 .  The r e s i s t i v e  v o l t a g e  drop a t  the breakdown gap vas  
found t o  be  i n  t h e  o r d e r  of 2000 V. 
7. There are two a c c e l a t i o n  mechanisms for t h e  r e l e a s e d  
m a t e r i a l  i n  t h e  r a i l  a c c e l e r a t o r  conf igu ra t ion .  One 
where the e l e c t r o n  beams are d i s p l a c e d  by t h e  3 x B 
forces and t h e  m a t e r i a l  i s  n o t  r e a l l y  a c c e l e r a t e d  b u t  
genera ted  where i t  appears  f i r s t .  The v e l o c i t y  of 
t h i s  f r o n t  of i on ized  m a t e r i a l  was found t o  he as high 
-+ 
as 80 X m / s e c ,  The other a c c e l e r a t i o n  mechanism is the 
+ +  
t r u e  j x B a c c e l e r a t i o n  of i on ized  m a t e r i a l .  The velo-  
I 1  ci".. LY of this material was found t o - b e  as high as . 20  
K m / s e c .  
~. 
i 
i 
8 .  The mechanism of 
and 7s of t h i s  
Q y  m a t e r i a l  release was discussed  on page i'; 
r e p o r t .  
i 
r 
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